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Introduction

‘;This progress report gives some preliminary observations of
the exploding drop phenomenon which sometimes occurs during
burning of emu%sified fuels. It contains what may be considered
a first attempt at explaining the so-called “micro-explosion®
effect which has been observed in the burning of such fuels.

The purpose of this work was twofold: 1) to offer an explanation
for the droplet explosion effect and thereby predict the temperature
at which an emulsified fuel drop would explode; and 2) to report
the results of an experimental attempt to measure this maximum
or explosion temperature.

The model for the explosion phenomenon is based on the assumption
that boiling at the internal phase-fuel interface in the emulsion
is responsible for droplet break-up. An expression for the rate
at which bubbles form homogeneously at the interface is presented
and used to predict the corresponding nucleation temperature
This expression is a very simplified form_of a description of
nucleation in systems of more than one active species. The assumption
is basically that the flow of nuclei past the critical size is
independent of the molecular species causing the transition.

This assumption is probably valid only for rnuelei which are already
80 near to the critical size that they have substantially reached
their equilibrium composition. A more accurate treatment would have
to take into account the shape of the free energy surface to predict
the rate of flow of nuclei through the corresponding saddle point.
The results for these two cases should not be expected to differ too

greatly because the energy of forming the critical nucleus is the
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same for both cases.

The experimental method consisted of injecting a drop of the test

emulsion in the hottom of a column filled with a heavier immiscible

liquid under a temperature gradient. The rising droplet is progressivel E

heated L'uhtil a temperature is reached at which point the droplet
suddenly explodes. This configuration models combustion of a
single fuel drop in that the droplet surface temperature from
the point of ignition to steady state burning increases. The
steady state droplet burning temperature is limited by the boiling
point of the fuel. However, in the experiment described here the
emulsion drop can be heated to a temperature as high as 90% of the
critical temperature of the fuel. The advantages of this are obvious
when one considers that for some fuel emulsions the predicted
nucleation temperature is higher than the boiling point of the fuel.

. Four water-pure fuel emulsions were testeds 1) water-decane; 2)
water-dodecane; 3) water-tetradecane; and 4) water-hexadecane.
The predicted and measured nucleation temperatures are in remark-
ably good agreement (that is, with the highest measured temperatures).
The results indicate that for free droplet burning at 1 atmosphere
pressure only the water-hexadecane emulsion should burn ex-
plosively.

It must be finally pointed out that it is implicitely assumed
in this work that an emulsion can indeed exist in the superheated
state as a fuel drop containing relatively immobile water micro-
droplets, and that these water drops are in fact immiscible in the
fuel even at high temperatures. This assumption has not yet been

rigorously tested, but it is so basic to any work concerning the
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3 burning of emulsified fuels (by definition) that it is for the
® present accepted. @
The period of this work was approximately from September 1975 J

to July 1976 aqd formed part of a program generally concerned ;;

° with the burning characteristics of emulsified fuels in the e,

Guggenheim Laboratories at Princeton University. 3
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I, Kinetics of Nucleation at a ILiquid-Iiquid Interface

1, Nucleation Rate and Equilibrium Number of Nuclei
The spontaneous formation of tiny vapor nuclei in bulk

liquid is a random event, Density fluctuations in the liquid
create cavitie; or voids which act as sites for the vaporiza-
tion of single molecules., These molecules randomly; collide with
or escape from a vapor cavity and increase or decrease its

size by a proportional amount. Growth occurs by single vapor
molecules being absorbed on the surface of the bubble one at a
time. The probability of simultaneous collisions of two of more
molecules is very low and not considered.

Growth continues in this way until a certain size, known as
the critical size, is reached, Further increasing the number
of molecules in the bubble beyond this size leads to a rapid
growth to macroscopic size, often observed as explosive vapori-
zation. The critical size represents the dividing point between
a stable liquid and a stable vapor phase, Right at the critical
size the bubble is in a metastable state; |

The kinetics of bubble growth up to the critical size is
assumed to occur at a slow enough rate so that the principle of
detailed balancing may be employed. Beyond the critical size
growth is rapid and explosive boiling occurs, Growth beyond
the critical size cannot therefore be described by this model,
But this is perfectly acceptable because all bubbles which reach
the critical size are considered to grow spontaneously to macro-

scopic size, 7I-e problem therefore ends at the point where the

“theory does not apply.
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It is sufficient to have just one nucleus in a given volume

reach the critical size for explosive boiling to occur, When
this happens in an emulsified fuel, the primary droplet may be
completely shaftered by the rapid growth of the nucleus to macro-
scopic size. In the general case the number of nuclei which

grow to critical size is usually termed the nucleation rate, J,

in units of nuclei formed/me-sec. The nucleation rate depends
very strongly on temperature, as expected, and is negligible for
all but a very narrow temperature range. This range determines
the temperature of explosive boiling.

| These ideas have been utilized extensively in the .literature

to determine the nucleation rate for boiling in the bulk of a
ligquid - homogeneous nucleation., Nucleation at a liquid-liquid

interface requires only a physically based extension of current
theories.

Consider fig., 1. A vapor bubble has formed at the interface
between liquids a and b. Unlike homogeneous nucleation,as for
example in the bulk of liquid a, both g and b molecules have
access to the nucleus, The nucleus can grow or decay by molecular
interchange with either a or b molecules, It.is assumed that
molecules of a cannot penetrate the interface and enter liquid b
(vice versa for b molecules), This is not strictly correct
because the interface is really a region in which the liquids are

mutually saturated, Nevertheless this so-called "rigid plane"
model of the interface between two liquids leads to results which

are consistent with experimental measurements and so will be

adopted here,
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With this understanding of the interface it is seen that
b molecules can only enter the nucleus by colliding with that
part of the nucleus surface lying on the b side (the heavy dark

‘surface shown in fig. 1), and a molecules can only be absorbed

into the nucleus by collisions with the surface of the nucleus
lying on the a side. These surfaces are called the transfer.

area for b molecules, Sb’ and the transfer area for a molecules,

S, respectively,

Performing an analysis similar to that presented in refer-
ence 3 but now accounting for bubble growth by molecular ab- ‘
sorption on more than one transfer area (there is only one transfer
area in homogeneous nucleation), the rate of formation of nuclei

per unit volume and time which grow to the critical size is

z[Si(x)Bi]

<y
]
[

where the summation extends over molecules of kind i which have
access to the nucleus through transfer area Si.

By is the rate at which molecules of kind i strike and are
absorbed on transfer area Si(x). For spherical and perfectly
elastic ideal gas molecules the number of i1 molecule: collisions

per unit of transfer area and time is

51 = P{ 2‘
,Iﬁ'n'miﬁil"

my is the molecular mass, P{ is the partial pressure of species i¢
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at the external liquid pressure, k is the Boltzmann constant,
and T is temperature. Equation 2 accounts for the basic growth
mechanism in nucleation theory - random molecular collisions on
the surface of the nucleus. L,

n{x) is the number of nuclei containing x molecules in a

unit volume when J = 0 where

x=:xi 30

It may be assumed outright as a Boltzmann distribution (ref. 4).
Alternatively the system of nuclei and liquid molecules can be
modelled as an ideal dilute.solution and the free energy of mixing
minimized. In either case the result is the sames

n(x) = N exp(-W(x)/kT) 4

where W(x) is the thermodynamical work of forming a vapor nucleus
containing x molecules, and N is the number of liquid molecules
in a unit volume with which the n(x) nuclei are "mixed" to form
this hypothetical solution.

The limits of integration in equation 1 extend over nuclei
containing from 1 to an infinite number of vapor molecules (a
single vapor molecule is viewed as the smallest nucleus)., This
boundary condition arises from the assumption that there are no
nuclel containing X>>X i 4 molecules, It is mathematically con-
venient to take this number as infinity., This and other approxi-
mations used in homogeneous nucleation theory are discussed in
reference 2, It is assumed here that these same approximations

apply to nucleation at a liquid-liquid interface,

L T T e T L, Y e T




The value of N in equation 4 depends on the location of
bubble formation. For nucleation inside a liquid drop of radius

r containing liquid a, the number of molecules in the drop is
!

N, = (r/ral)3 5a

where r, is the radius of the assumed hard sphere molecule,

Eq. 5a assumes that the total droplet volume is the sum of e
hard sphere molecular volumes of the molecules inside the . uid
drop. Similarly the number densityof a molecules on -

droplet surface
= 2
N.o (r/fa) 5b.,

Equation 5b assumes that the total surface area of a liquid drop
of radius r is the sum of the surface a:eas of the hard sphere
molecules of radius T, Combining equations 5a and 5b, the

number of a molecules on the surface of the drop is

= N2/3
N = N2 6.

The interface between two liquids really consists of both
g and b molecules., Fig. 2 shows a hypothetical illustration of
such an interface., If the A-C region in fig., 2 defines the inter-

face, the number of molecules in a unit volume at the interface

will be the sum of the number densities of the a and b molecules

2 2
N =N/ 4 N]/B 7.

(The number density of b moleales is referred to a droplet of
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radius r containing only b molecules so that Nog = Ni/B).

The equilibrium number density for homogeneous nucleation

within liquid a can now be written as follows:

n(x) = N, exp(-W(x)/kT) 8.

For nucleation at the interface between liquids a and b, equation

7 substituted into equation 4 gives

n(x) = (V/3 +2323) exp(-u(x)fem) 9.

The work terms in equations 8 and 9 are not the same because
the geometry of bubble growth in the bulk of a liquid is different
from that at the interface. The difference is primarily that
of a spherical nucleus (homogeneous nucleation) and a lens
shaped bubble (nucleation at the interface between the two
liquids).
For nucleation in bulk liquid, NZ/B-* N as one must now
consider the hypothetical nuclei-liquid molecule solution as
made up of the bulk liquid molecules and vapor nuclei with each
liquid molecule within the drop being viewed as a potential
bubble, This modification is further discussed in reference 5§,
For nucleation at the interface between two liquids equation
1 becomes
3= [sy(x)s +s,(x)8,] —L1— 10
- : dx

[
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This equation has the form J = Ja + Jb where Ja is the number
of nuclei formed as a result of growth by absorption of only
-1 a molecules on transfer area S (J, is 'similarly defined).
a

Combinirlg equations 2,4, and 10 gives the nucleation rate

at the interface between two liquids:

N, FaSa(®) | PES,(x) S
g= TEDAL T3t T3 , —
-a b dx

J:xp(-w(x)/kT)
where 2/3 2/3
N = Na + Ny 7
and
x=xa+xb 3-

2, Specific location of Bubble Growth at the Interface

To determine the nucleation rate from equation 11 it is
necessary to know the work of formation of a vapor nucleus
containing x total molecules. This work should obviously depend
on the geometry and particular location of bubble growth. For
a droplet of liquid a in .. 2 " liquid b a vapor nucleus

can form at any of the following positions (see fig. 3):

1, completely within liquid a (homogeneous nucleation
in 1liquid a - fig. 3a)s;

2, at the interface between liquids g and b but entirely
surrounded by liquid a except possibly for an

opening large enough to permit b molecules to enter -




............

fig. 3b;

3. between liquids a and b and actually separating the
interface. The bubble can be considered as two
ppherical caps joined together - a lens (fig. 3c¢);

4, at the interface and entirely surrounded by liquid
b except for an opening just large enough to permit
a molecules to enter the bubble (fig, 3d); and

5. completely within liquid b (homogeneous
nucleation in liquid b - fig. 3e),

When liquid a is more volatile than liquid b it is necessary
%o introduce the concept of a bubble completely surrounded by
liquid b except for an bpening just large enough to permit
a2 molecules to enter, Without this artifice a bubble forming in
this way will contain only b molecules so that the energy of
bubble formation will be the same as fbr homogenous nucleation in
liquid b, If the temperature in liquid b is unable to reach its
corresponding superheat temperature, explosive vaporization will
not occur, This will certainly be the case in emulsified fuel
combustion because the steady-state burn|n3 temperature does not
even reach the fuel (liquid b ) boiling point let alone become
superheated, Yet in the experiments to be rgorted the bubbdble
growth geometry was predicted to be the same as that shown in
fig. 3d and nucleation was still observed to occur even though
the corresponding temperature was far below the limit of superheat
of the fuel. This apparent anomaly can best be explained by
assuming that both a and b molecules are in the bubble so that the
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transfer area of molecular dimensions is introduced., No modification

9=

bubble gas pressure is the sum of the partial pressures of
a and by P" = P7 + P, It will later be shown that the solution
of equation 11 can be put in the form

|

| T ~ o3/(P" - Po)2
where Po is the ambient liquid pressure and o is surface tension.
From this approximate proportionality it is seen that an increase
in the gas pressure lowers the expected temperature of nucleation
at constant Po and o, In the experiments which formed a part of
this program,the a and b liquids were such that P2 >> P; so that
the increase in P" on inclﬁding molecules of a in the nucleus
was substantial. This increase in total gas pressure is apparently
just enough to bring theory and experiment into good agreement,
Some means must be provided to enable molecules of a to enter

a bubble formed "entirely” in liquid b, and the concept of a

of the theory leading to eq. 11 is necessary to account for a
molecules in the nucleus, Sa(x) just becomes proportional to
the molecular surface area of an a molecule ,

When a nucleus is predicted to form in liquid b away from
the interface (fig. 3e) and P} >> Py , molecular diffusion of

b
a molecules through liquid b must be included in the theory

which is based on bubble formation due to random molecular motion.
The only thing which would be effected if this were done would be R
the pre-exponential term in the solution of eq. 11 ,

- These arguemnts lead to the conclusion that when one liquid is




much more vo atile than the other and homogeneous nucleation
in the less volatile liquid is predicted to occur, the correspon- o]
ding temperature is closer to what would be expected for nucleus i
formation at *the interface - fig. 3d. Exactly how much more
volatile one liquid must be than the other for this to be true 0,
is ° . v ~unknown at this time, The experimental results
reported here suggest that a one order of magnitude difference
in vapor pressure satisfies this condition.

When a bubble forms entirely in liquid g as shown in fig,
é 3by the above arguments apply if Pg >> P;. Otherwise if P; >> P; ;F
they are superfluous. Even if molecules of b are in the bubbdble, 04

? the much greater volatility of liquid a implies that the gas

pressure is almost entirely due to the partial pressure of a. ;ﬂ
The only difference between bubble formation as shown in figs. g
3a and 3b is that one must now consider liquid molecules at the
interface and not liquid molecules in the bulk of liquid a
(fig. 3a) as potential nuclei, The pre-exponential factor in
the expression for the nucleation rate is thus reduced by about
108 (n->N2/3),

It is now apparent that one needs to know both-the location ?@
and work of formation of ainucleus to be able to solve eq, 1l -

because W(x) will.be slightly different for the.various positions

I
¥ S IR

of bubble growth shown in fig. 3. For this purpose it would be
useful to prescribe conditions which could be used to estimate
the position of bubble formation. Such conditions, if based on
thg physical properties of the two liquids, would provide a
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powerful prediction tool for nucleation at a liquid-liquid
interface, These criteria can be determined by first considering
the energy to form a bubble separating the interface between
liquids 2 and b (fig., 3c¢). From this geometry the limiting

case of a completely spherical nucleus and corresponding conditions

for its attainment can be determined.

II. Thermodynamics of Bubble Growth at a Liguid-Liguid Interface

1. Basic Assumptions

Bubble growth at a liquid-liquid interface is assumed to
occur under the following conditions: '

1, Bubble growth up to the critical size occurs
reversibly so that it is at all times in mechanical
equilibrium;

2, The temperature is constant;

3. The external liquid pressure is constant;

4, The total volume of aucleus and surrounding liquid
is constant- (closed system); .

5. The characteristic nucleus dimension (e.g., radius)
is much smaller than the radius of curvature of the
interface at which the bubble grows;

6., Bulk liquid and vapor properties can be used to
describe the thermodynamic state of the bubble;

7. The vapor in the bubble is an ideal solution of
ideal gases;

8. The two liquids on either side of the interface are
completely immiscible; and

9., One liquid is much more volatile than the other so
that P; >> Pp (a2 denotes the volatile liquid),

The first assumption implies that Laplace's equation can

iR
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be used to relate the gas pressure to the bubble radius., This
has been critized in reference 6 because no account is taken of
viscosity and inertia forces during bubble growth to the critical
size, The eq;ation of motion of bubble growth should really
be solved to determine the relation between the bubble gas pres-
sure and bubble radius, This, however, greatly complicates
the solution and would in any case have a small effect on the
nucleation temperature because such non-equilibrium effects would
appear only in the pre-exponential term in the solution of eq. 11,
The second assumption arises from the fact that the nucleation
rate is negligible until a temperature range is reached at which
the rate becomes very large - the temperature range of expected
nucleation, This temperature range is typically within 1C to 2C
of the limit of superheat for homogeneous nucleation and should
also be representative of nucleation at a liquid-liquid interface.
The entire event of bubble growth to macroscopic size can therefore

be considered to begin and end (growth to macroscopic size) at
a temperature which is within about 2C of the actual superheat

temperature,

A hypothetical system is constructed consisting of a single
bubble and surrounding liquid bounded by a control surface
across which no mass flows (fig. 4b). Bubble growth proceeds by
vaporization of the liquid molecules within this closed system,
The total number of molecules is therefore the same before and
after the appearance of the nucleus (figs. 4a and 4b),

. In emulsified fuels the internal phase diameter can be as
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small as 10 cm., However, because a nucleus of critical size

is typically 10”7 cm in diameter droplet curvature may therefore

-4 5 10"'7) ;

be neglected (10

The use'of bulk liquid properties to describe the state of
a microscopic bubble was studied in reference 7. It was concluded
that because the effect of bubble curvature on surface tension
cannot be accurately estimated, it is a good first approximation
to use the bulk liquid surface tension in describing the state
of the ecritical nucleus. The experiments reported here and in
the literature indicate that this is an excellent assumption.

The effect of vapor non-ideality in homogeneous nucleation
was examined in reference 8. It was concluded that for boiling
in pure liquids this effect is very small,

In addition to being satisfied for the particular a and
b liquids used here, the last assumption provides a mathematical
convenience which enables eq. 11 to be integrafed. Without
this assumption an analytical solution to eq., 11 cannot be ob-
tained.

The reversible work of forming a nucleus at a liquid=-liquid
interface can now be determined using the above assumptions,

Por this purpose the following sectibn‘ reviews those aspects
of thermodynamics which are important to this problem,

2, Thermodynamics of Nucleation

The first law of thermodynamics for a reversible process is

du = d4Q - & dwrev 12

rev
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where lz:dwrev represents all forms of reversible work which

the system can exchange with its surroundings, dU is the change
of accumulated energy of the system, and dQ represents the
exchange of heat helieen the system and its surroundings. For
bubble growth at a liquid-liquid interface Z{dwrev includes
contributions from expansion, surface, and chemical work so- that
the total work is

T aw = Zp dv, - Z u, dx

rev k™ 'k

- Zo, 13,
17 E%% 7

uy and x, are the chemical potential and number of molecules of
species 1 respectively, -

The first term in eq. 13 represents the expansion work con-
tribution to the total work of a system which is divided into
k subsystems each of volume Vk and pressure P, If for example
one of these subsystems consists of a vapor volume containing
two species then Pk ='“§IE = P; + Pg. Writing the expansion work
term in the form shown in eq., 13 is convenient, though somewhat
unusual, for studying the thermodynamics of the nucleation
process,

The summation in the second term in eq. 13 extends over the
number of different species in each phase present in the total
system. The energy required to create or destroy surfaces
within the total system is represented by the last term in eq. 13
where o’j is the surface tension of the Aj surface, The summation

of
extends over the number,surfaces in the system. These surfaces

include bubble surfaces and interfacial areas between liquids (in

=
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which case Uj is the interfacial tension between the two liquids),
The second law of thermodynamics for a reversible process

is

' Q.. = Tds 14,

The combination of equations 12,13, and 14 gives the total
internal energy in each differential piece of matter:

dU = TdS - & Pdek + Z uidxi + ojdAj 15,

When the system for which eq. 15 is valid undergoes a change
in size only, the extensive properties S, V, x, and A will change
by a proportional amount. The amount of these changes is such
that the intensive properties T, Pk' Uy, and oF do not cﬁnge.
Under these conditions integration of eq. 15 between the initial

and final states of this hypothetical size change gives

= - + . . t R
AU = TAS }.“.PkAVk Zulel ZGJAAJ.
Only the size of the system has been increased so that the
final state must be some multiple of the initial state., Since
.1 extensive properties depend only on size,they all change

by the same amount, Therefore from the above equation,

Equation 16 gives the internal energy of a system of finite size.

The differential of equation 16 is

dU = T7dS + S4T - & P 4V

k™ "k

+ UjdAj + L Ajdoj




(7]

This equation must still satisfy equation 15, This implies that
eq. 17 below must be valid:

- + =
SFT PN dePk + & xidui b} Ajdo'j 0 17.

Eq, 17 is a form of the Gibbs-Duhem equation, For bubble growth
at constant temperature, dT = 0 and ddj ~ 0 since oj is a strong
function of temperature and may only very weakly depend on

pressure, Eq. 17 then becomes

Assuming each liquid and vapor species is confined to only
one sub-system volume, the subscript "k" in eq. 18.can be re-

placed by the subscript "i" so that

If, for example, the ith species is a vapor contained in a volume

Vi. then Pi would be its corresponding partial pressure. Under

the condition stated above, this particular species in the vapor'phase;ﬁf

will not be present in any other sub-system volume,

4
It is now assumed that for the above equation to be satisfied =9

each term on the left hand side must be equal to the term cor-

responding to the same species and phasé on the right hand side,

"If this is a valid assumption, one can write

VidPi = xidui 190

Equation 19 relates the chemical potential of the ith species
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in the liquid (') or vapor (") phase to the volume in which it

is contained at corresponding pressure Pi' For an ideal gas,

' ' P{V{ = xkT

80 that eq. 19 becomes

kT 9Ff = gur
Py 1

Integrating the above equation between some arbitrary sub-critical
vapor pressure, P{. and the vapor pressure in the critical

size bubble, P{c' gives

u{(P{.T) - u?c(P?

H lc.'r) = kT 1n(P{/P{c) 20a,

A nucleus at the critical size is in chemical equilibrium
so that the vapor chemical potential of species i is equal to

its liquid chemical potentials
uy (Pf,,T) = u{ (P!,T).

Combining the above condition with eq, 20a relates the chemical
potential of liquid and vapor in a nucleus of sub-critical

size:s

u{(P{.T) - ui(P{,T) = kT.ln(Pi/P{ 20b,

c)

Equations 16 and 20b will be particularly useful in deter-
mining the energy of formation of a bubble at a liquid-liquid
interface, For this purpose it is convenient to use the Helmholtz

function because the minimum work in a constant temperature pro-
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cess is equal to the decrease of the Helmholtz function for the

A b €t

E
e

® system, . { }

3 The Helmholtz free energy is defined as

'
' F=U-1T8 21, = 4

o "0
‘The differential of equation 21 1is the following: . 15

. =

dF = dU - TdS - SdT 22, 3

) Substituting equations 12 and 14 into eq. 22 gives,
dF = - Z aW_ 23,
The Helmholtz free energy is therefore minus the total work

‘obtainable from an isothermal process,

Equations 16 and 21 give the Helmholtz free energy of a system

of finite size:

This is the basic equation used to determine the free energy ﬁi
of bubble formation., To do this, two systems of finite size

are considered, one with and the other without a nucleus, The

change in free energy between the two systems as determined :(by-
eq. 24 applied to each " ;7 7 gives the minimum work of
forming a bubble of specified size.

3. Work of Bubble Formation at a Liguid-Liquid Interface

1
Consider the total system shown in fig. 4a bounded by a ]
L) control volume (dotted line)., The total system consists of two 5£

pure liquid sub-systems which are separated by an interface




o ) ]

(modelled as essentially a dividing line between the two liquids).‘
® The total system consists of xél molecules of liquid a at a o
liquid pressure P&l' volume Vél, and liquid chemical potential :
uj; (similarly for liquid b).
® After the appearance of a single bubble at the interface,
the total system consists of three sub-systems as shown in fig. 4b,
The total system boundary is the same as in fig, 4a so that the
L total volume has not changed. The presence of the bubble implies,
however, that the sub-system. volumes must have changed, The
temperature is the same before and after the appearance of the }
~ bubble, g |
The Helmholtz free energy of the system without the bubble V
(fig. 4a) is the following:

® _ -®
Fa = Xa1¥a1 * *b1%p1 * %apSav1 - FaiVal - PoiVoa 25. ™

Similarly for the system in fig., 4b the free energy as determined
from eq. 24 is,

= x? 13?4 oyt g
Fy = X22%2 7 Xpa¥2 "Fa2Vaz T fb2'b2 T %ap”an2 26

-P', V' =~ P' V! + o .S R
+ (xpup+ xjul - PUVP + 0 S, * 0,Sy) ‘.%
‘4
The gquantity in brackets in eq., 26 represents the energy contri-
bution from the bubble at the interface. The important point to
3
g note in eq., 26 is that the presence of both a and b molecules . @
in the bubble has been accounted for by including the chemical

energy - -~ of b molecules in the bubble, xgug. This is o

consistent with the assumption that bubble growth occurs by molecular o Y
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absorption on the appropriate transfer areas, Sa or Sb,so that

pr = Py + Py in eq. 26.

BB R S0

Including terms such as o’aA a oF O'bAb in eq. 26,as for example
one might be tempted to do to determine the energy of bubble for-

mation for growth as shown in figs. 3b and 3d, will always be

T Y
9

negligible compared to either o,S, or opSy except possibly for

conditions which would be of no practical interest.

o

% The following relations apply as a consequence of the

3 previously mentioned assumptions:

3 . ] o= [} ”

Eo X1 T X2 g 271

: X1 T %2 T % 28,
Var * Vpo - (Voo ¥ Vg2) = Vg 29.

The number of a and b vapor molecules is assumed to be small
compared to the number of a and b liquid molecules respectively,

With constant a and b liquid pressures (assumption 3 on page 11),

. ®
the liquid chemical potentials in the two systems shown in figs. ba -
and 4b will be the same:

Uay ¥ Y2 303 (2

Upl ~ Up2 31.

In the specific application of the results of this inves-

" DL
. e
oo A td

tigation, liquid a is dispersed as small drops in a larger mass

of liquid b. There will be a finite curvature of the interface

between a and b (see fig. 5). Because the drop of 1liquid z is

- in mechanical equilibrium, the pressure across the interface is

. .
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’ .
given by the Laplace equations b
|
* .- o .
Pii- Py = 20,/Toy 32 N
where Cab and'rab are liquid interfacial tension and liquid 5
® droplet radius respectively. For conditions of present interest —;}
: . e .
ZGéb/rab is much less than either Pal or. P b1® The pressure in the :
drop and surrounding liquid are therefore approximately the same B
Tl (assumption 3)3 @)
Fa1 ~ Py .
—
Faz ~ Ppo. s
For bubble growth at constant liquid pressure it follows that .
Pél a3 Pﬁl 3 Péz ~ Péz = Po.

Subtracting eq. 26 from eq. 25 gives the total system free

energy change on bubble formation:
Fa = Fp = X% ¥ *p1%p1 ¥ %apSap1 = Fa1Vai - PhiVoa

‘ X' u' = %' u'. + P YY 4+ PY VY _
! Xa2%2 = %p2¥p2 T Fa2Vaz * PaVp2 - 9apSane
; =Xpup - xgug + P"VP - 0,5, - 0pSy

33.

L
“ Grouping terms and setting all liquid pressures equal to Po’ eq. 33
becomes,
0 F_=F =PWo o P (V0. 4+ VS, =V =V! ) =g.S = 0,8 '
a b b o' 'al bl a2 b2 a"a b™b ]
7 3!4,. .
= %ap(Sanz = Sapy) *XUa * Xhup) - Xgolg o
- L "o e
o Xp2Up2: = Xp¥p = Xa¥y !j
o
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Substituting equations 27 to 29 into eq. 34 and grouping
® terms gives the following:
Fa - F,lb - V{;(P" - B - 055y = 9pSp - ab(sabZ - Sabl)
® = xpalufy = udy) = x5p(ugp = ugy) = xp(up - upy)
- x;(u; - u::r.l)
® With equations 30 and 31, eq. 35 becomes
Fy = Fp = V3(P" = B,) ~ 0,5, - c’ab(sabZ - Sabl) ¢
36,
o . = xplup = upy) - x3(ug - ugy)
The interfacial area between liquids a and b destroyed in ,
forming the vapor bubble (fig. 4b) is related to Sab2 and Sabl ,,.4
simply as S; = Sabl - SabZ' Eq. 36 can then be re-written as iww
]
- = " - - + L
F, Fb VR (P P, ) dasa 0,5y Gabsi

37. 'ﬂ

From eq. 23 the minimum work required to form a vapor nucleus at ,_'{

= rplup = upy) - xg(ug - ugy)

the interface between two liquids is

W= xp(up - upy) + x3(uy - ui;) + vy(p, - P*) "
. @

+ oaSa + GbSb - oabsi

The chemical potential differences in eq., 38 are related to the

component partial pressures through eq, 20b so that eq. 38 can be -!4

Ae A Aos a8
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E re-written as followss
@
. = x™ " /pn + xn n/pn 4+ y» - P"
W = xrkT ln(Pb/Pbc) kT ln(Pa/Pac) Vb(Po P*)
’ 39¢
| * césa dbsb orabsi
[
: The equation of state of an ideal gas can be used to eliminate
x3 and xp in eq, 39 (i.e., xp = ngg/kT and x» = P;v.g/k’l‘)s
= [ [ ” " o+ " L] ' - " "
W Vb(Pb ln(Pb/Pbc) 124 ln(Pa/Pac) + P - P2 pb)
Lo..

+ Gésa * %Sy - Gabsi

where P" in eq. 40 has been replaced by P; + Py,

Eq, 40 is the final form of the work to form a vapor bub-
ble at the interface between two liquids under the previously
described assumptions. The first two terms in parenthesis
represent chemical work, the third term is the work directed
against pressure forces, the fourth and fifth terms represent
the work to create the vapor surface areas sa and'Sb. and the
last term is the work to destroy the liquid-liquid interfacial
areé,si.

When liquid a is much more volatile than liquid b, Pg >> Pg
and eq. 40 reduces to the expression given in reference &,

For simplicity it is assumed that the nucleus shown in fig. 4b

is a lens comprising two spherical caps joined together.

]

With reference to fig., 6a, the bubble volume, Vg. can be ex-

pressed in terms of r,» T and the contact angles @ and ¢ .

b.
From geometry the volumes of the two spherical segments shown in

fig, 6a are,

e e
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. = 2 - = 3 2 3
ve = 1/30h_(3r, - h,) = 1/3wr (3(h,/r )" - (h /T, )7) 4la,
and |
ve = 1/3%r3(3(h,/r)? -(ny/ry)7) 41v,
where !
Vg o= v ot vn " Ble,

Again from geometry,

M, = cos(?)= (ra - ha)/ra =1 - ha/ra L2a

and

cos(a) =1 - hb/rb 42y,

s

Combining equations 41 and 42 and rearranging terms, the total

bubble volume is
vp=1/3 10 (rg(2-3Mb+Mg) + rz(Z-BMa*Mg)) 43,

For the nucleus to be in mechanical equilibrium the forces
at the edge of the lens must balance, A force balance at the

bubble edge shown in fig. 6b results in the following expressions:

- 6; cos(®) - o, cos (¢) =0 4la;

%ab b

and
o, sin(e) =- oy sin(¢) =0 Lyyp,

Combining equations 44 and and using the identity

. cosz(o) + sinz(o) = 1, one can also write the following:

cos(0) = (o§+o§b-o§)/26aoab Ls5ay
and
cos(®) = (ao+02, -02) /20,0, bsp,

Because the line of force of surface tension is tangent
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to the spherical segment at the apex of the bubble and forms
a right angle with the respective radii of curvature at that
point, it follows that @ =% and a = ¢ . Therefore, M_ and
Mb can be expressed in terms of the surface and intérfacial

tensions by combining equations 42 and 45i

M, = cos(e) = (6:+°§b'6§)/2°adéb Léa;
and |
Mb = cos(¢) = (o +d ab~%a )/2 S, % 46V,

These expressions were derived in references 4 and 9, They hold
theoretically only at the critical size, but a negligible error
can be expected by applying them to nuclei which are "near"
the critical size as mentioned previously.

The radii of curvature of the shperical caps, r, and 2
are related to each other as followss

sin(a) = sin(¢) = &/ry»
and |
sin(¥) = sin(®) = E/ba

where a is defined in fig., 6a and may be considered as the charac-

teristic lens dimension. Combining the above two expressions

provides a formula relating a to r, and rbs

a = rasin(o) = rbsin(¢) 47,

Eliminating sin(e) and sin($) between equations 47 and 44b gives
the relation between radii of curvature and surface tension:
ra/aa = rb/crb 48,

The bubble volume can now be expressed in terms of either r, or

-]




by substituting equation 48 into equation 43

Ty | ;'_

. @ -
Vg = ((2=3mmd) + (2-3m ) o0 /o) 1z /3 49, °
; or ' alternatively :
- { B
t. Vp = ((2-3Mb+Mg) + (2-3Ma+M2)og/6.g)ﬁrg/3 49b, -;
g

By defining

F = (c)(2-3u 40y + o (2-3m +u2)) /4 50a

and

= gIF = o
F ana o R

b 50v,

e

the bubble volume becomes, Dq

Y LA SR G A i o 4 (AR
1
y -

= 3 = 3 i |

| Ve raFaﬂ L/3 e L/3 51, =
5 J
® Fa and Fb in equations 50 and 51 can now be considered as »;
! corrections applied to a spherical bubble of radius ‘ra or rb so -.;".:

that its volume equals that of a lens whose surfaces have radii
of curvature r a and ry. It should therefore be expected that ®
for a spherical bubble of radius ros Fa =1 (figs, 3a, 3b, 3d, and

3e). The conditions under which F, =1and F_ =1 will be
shortly described, .4

The surface areas of the spherical caps are,

- 2
and Sa ot raAa 52a,
S, = lHTr%Ab 52b 7
where _
A = (1-u)/2 | 52¢ t
and ]
- Ay = (1-1)/2 52d, 9
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The liquid-liquid interfacial area destroyed by growth

of the vapor lens of "radius" ais Si = ﬂ~;2.» Combining this

with equations 46a, 47, and the identity cosz(g) + sin?(0) = 1,

-

- R

the interfagial area becomes

- 2 2 .
S; i ra(l-Ma) 52e,

The work to form a bubble at the interface between two

liquids can now be expressed as a function of r_, P;. and P"b

a
by substituting equations 51 and 52 in eq. 40 and rearranging

terms:

- " " /] ” ” [ ] " [ 1) 3
W= (Pa In(p*/P* ) + 124 ln(Pb/Pbc) + P - Py -Pb)ﬂraFa4/3

a’ "ac
“ Ta% a
At the critical size, Pa = Pac and Pb = Pbc so that terms

containing the natural logarithm in eq. 53 will vanish., If the
bubble is near enough to the critical size for these terms

to be very small compared to PO-P;-P"b in eq, 53, it should be
expected that a Taylor's series expansion of eq. 53 about cor-
ditions at the critical size will be a good approximation to the
work of bubble formation., In addition the dominant contribution
to the integral in eq. 11 comes from conditions at the critical

size (the extension of the limits of integration from - to +m

“is made because of this fact). The accuracy of this and other

approximations used in nucleation theory is discussed in refer-
ences 2 and 10, It should nevertheless be pointed that an

analytical solution to eq. 11 can ailybe determined by using

- the Taylor's series form of W to perform the required integration,

-
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;’ W is a function of three variables - r,» P3, and Pp - so

o that the Taylor's series appropriate to a function of three Oi
independent variables must be used in the expansion, Expanding

r about conditions in the critical size nucleus, the three variable

o Paylor's series is '®

W= Wlrgo PhoePhe) *+ (rory )oW/or,|  + (Rp-pr 1oW/3RY)

L + (P{;--Pi;c);)v}/;'Pi;\c + (r-rac)(P;-P;c)azwAraaP; ’c

" " 2 (1] " ” " [ ] 2 ll- "
+ (Pb'Pbc)(r'rac)a W/anbraJc * (Pb"'Pbc)(Pa'Pa.c)a w/anaPaIc

2,2 2 rs " " 2,2 n2
+ drer ) 0WHrL| + sy %iBw/org?| sk
+ &(pr-p» )232W/6P"2 + higher order terms
b “be ' b lc
@ |
) At the critical size the bubble radii are related to the ,
' pressure difference across the bubble surface as follows:
' " 4 P® - = =
l' Pbc Pac PO 2°a/ rac 26‘1:/ rbc 55
which is the condition of mechanical stability at the critical
i size (Laplace's equation). Using eqs. 55 and 53, the required
o
partial derivatives in eq. 54 are the following:
- 2 ol = o
W |c 4/3ﬂrac F, w/apalc 0 :
2., 2 = -Brg_F 2 ol a X
| @ d v:/aralC a'a ) w/ara)phlc 0 o)
= - . 2 “2 = 3 ”
IW/ory| = 0 oo S WORST|= W3V R /Pl
» .
W/dPrOP"| = 0 xl= 0 |
. IW/dPp Al )w/APbL 56. .

2 2
Yu/apg |C= 4/ 3] F /Ph 32w/3rab P;\: 0

®
’
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: Substituting equations 56 into equation 54 and rearranging i
E. glves the Taylor's series equivalent of W in equation 53: .;4
s

: W=1Tr20'F‘+/3-lm'aF(r-r )2~

r ac’a’a a'a‘"a "ac 57.
' : 3 w_pn 2 L] -pP" 2 " —~:
i. - +2/3ﬁ I‘1arac((Pa Pa.c) /Pac + (P‘; Pbc) /Pbc 0,
+ higher order terms x
} By substituting equations 50b and 48 in eq. 57, W can be expres- 3
i. sed in terms of ry by simply replacing o, by O Fa by Fb » and '01
r, by rb.
L The variable of integration in eq. 11 can be changed from X
“' x» to Ty and Ty, to give the followings I‘*
- N 5 | P, (r) PS(r)-[ .
o R N T B .
m= m J dx| ( dr =
a b acl | a
ana; :-".:
'‘® W must be expressed as a function of only T to evaluate the .:
3 first term in brackets, and a function of only rb.to evaluate - ]
the second term in brackets. .';T‘}
o The equation of state of the gas in the tubble is o)
I " = " o " ] o
x (Pa Pb)Vb/kT. B
Substituting equations 51 and 55 into the above equation gives E
® 9
the following: =
x" = 4/3WF_(r P +20r )/kT 59. -
® Differentiating eq. 59 witn respect to r, and rearranging, one X Y
obtains ;
2 " " . .',1
dx*/dr, = WF_r_ (Py+Py)B/kT 60 . _’
. *
|
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where B 1s defined as
B= 1-(1-P°/(P;+P{;) )/3 61.

Expressing the equation of state as a function of Ty one
]

obtains
x* = 4/317 F, (r P°+20' r )/kT - 62,

Differentiating eq. 62 with respect to ry gives,

dx"/drb = lmF r, (P"+P")B/kT 63.

To perform the required integration in eq. 58, P; and Pg
must each be expressed as a function of ry or ré so that W in
eq. 57 will be a function of only one variable (ra or rb).
There are, however, four variables and only two independent
relations -~ equations 48 and 55, Unless an additional equation
is available relating these four variables, eq. 58 cannot be
evaluated analytically, It is now apparent why in a previous
treatment of this problem (ref. &) the assumption of only one
volatile liquid was made, for this provides the additional con-

dition needed to solve eq. 58.

When P" >> Pg

Pl - By m Bt B - By = 20,/7, = 20/ny

» €3, 55 can be written as

At atmospheric pressure P; will usually be much greater than
Po. However, if nucleation occurs at high pressure, Po and P;
may both be the same order of magnitude, For this reason Po

will be retained in eq., 64 with the understanding that it has

"a small effect at P°=latm.ﬁ

';
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Near the critical size where P; and P;c are approximately

1
he el

® : the same order of magnitude (similarly for Py and ch). the con-

4
. .‘1

dition P; >> P; implies that

! "2 >> pnl
Pa /P;c Pb /ch'

The second term in brackets in eq. 57 can therefore be neglected

compared to the first, With this simplifying assumption eq. 57

® can be combined with equations 48, 50, and 64 to express W in
terms of the single variable r, Or I..
Since,
" 2/3F_r2 (P -P* )2/P" = 4/31YF o_(r,-r. )2(1-P./P" } 65
a‘ac‘'a "ac ac a'a‘"a "ac o’ “ac ’
eq. 57 can be expressed as a function of only r, Orr, as
followss
W(r ) = 4/31Tr2 cF - (r -r )zhﬂa F B 66;
a ac'a a a ~ac a aa
and ” 2
W(rb) = 4/31rrbcabe - (rp-r,.) lro, P B 67.

In equations 66 and 67 B, ~ B because Py >> Pp. The subscript

*a* will therefore be dropped.when re-writing equations 66 and o

~ ol

67 in the future, :’F

After substituting equations 52a, 60, and 66 into

eq, 58, one obtains

’ . ;!3
" 2 . -
; = NPa_Aa‘- exp(-4F o r_ /3kT) 68,
& (arm kT)® F_B(PI+P}) ]
j exp(-kno F B(r,-r,  )2/kT)dr, ol
. S|

[ RS
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Cancelling terms in eq. 68 and evaluating the integral ( a :
Py standard error function), it is seen that '.“;
- 3 -. A
" kT(P%-P ]
ffm,FB P JkT(P*~P ) -3
o - o
where P"=P2+Py, The second term in eq. 58 is similarly evaluated by |
substituting equations 52b, 63, and 67, evaluating the integral, o
o and eliminating Tye by using eq., 64. The result is _;*
@
F 20 % P* 161T63F 70,
3, =N [—B b__ exp - ——
p b am, F, B P \ 3kT(P"-P_)
]
o Combining equations 69 and 70 and expressing chb in terms of

dgFa by using eq. 50b, the nucleation rate at the interface

between two immiscible liquids is,

" wp 2 3
o o \#[ madl  Eaop| [ 6ror, 1
ﬂbaFaB m P my P 3 =P,

where N = N2/3 + Nz/3
a b

The discussion on pages 8 to 10 emphasized that the smallest

transfer area for an a molecule on a bubble formed entirely in

liquid b may be taken as the surface area of a single a mole-~

cule, This suggests that the transfer areas (i.e., bubble surface

areas) given by equation 52 can be alternatively expressed

as follows: "

S, bﬂral_la.-r Aa(l""a) . 72a; !

and .

- 2 o 1

» S, = 4mria + A(1-A)) 72b,
[y ':!11

]

]
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.
A, and AB are the surface areas of the hard sphere a and b .

oY -

r molecules, Expressing the bubble surface area by equation 72, .
though justified on physical grounds, really has no rigorous
mathematical 'basis, Its only effect on the final result will be

d y

I in the pre-exponential term in the integrated form of eq. 58, ._!

[ To show this equation 72 is substituted directly into eq. 58

: and the integration performed. The resulting expression for :

e '@

! the nucleation rate is the following: _ ﬂ

f ) 2,..

: . i "_ - "

i ol sl/26ma 0%+ (pr-pf(1-a )AL ) B

- 3 ) F] - w )3 .

1 lzeOQF B m r -

a a 3 L g |

0 2 ’ 16]TO' F "]

. (lénhgﬁz)f(l"- o)(l‘Ab)A)Pl') exp(- a a 73. g

- m§ E P 3kT(P"-P,) 3

1

@

Equation 73 was obtained from eq. 58 by evaluating the 3
pre~-exponential term in the integrand at the critical size >
and then removing it from under the integral sign., This is .i
permissible in view of the sharp maximum of the .exponential 3
S

term at the critical size. Eq, 73 reduces to eq. 71 when
A = = . o
o= Bb<=0 in eq. 73. o4
Setting Ao= Ay= 0 will not in most cases effect the :}i’j
nucleation rate, Even if A(J,(P"-Po)z(l-Aa) is the same order
® of magnitude as 161ro'§Aa in eq. 73,:neither the nucleation rate .’
e

[ nor temperature calculated from eq. 73 will be significantly .

different from that calculated using eq. 71. That is, there K

o is a negligible difference in the numerical results obtained .;
- from equations 71 and 73. .

]

1

@ . -4
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It is interesting to compare the formula for the nucleation .
. 1
»i., rate at a liquid-liquid interface derived in reference 4 (re- -
.!
.
- peated as eq. 74 below) with equations 71 and 73.
! © 16n0lF |
= w2/3 2 \? _fggz exp [=- aa 74, ]
TEN freZes) el wn(eror,)” "
a a a ° :
This equation was derived assuming that bubble growth was due 3
solely to a molecules being absorbed on transfer area Sa ;1
for bubble formation as shown in figs, 3¢ and 6a, The important -
point to notice in eq., 7% is that if M =1, then J=0. But

Ma=l corresponds, as will be shown, to a spherical bubble
formed in liquid b and tangent to the interface. The fact that
J=0 then implies that no bubble will ever form in this way (at

least by the mechanism of random molecular collisions)., Yet

this geometry should be permissible. This result .would also ig
occur in equations 71 and 73 by setting A, =0 and A, =0 which
is equivalent to assuming that no b molecules are in a nucleus

formed at the interface (i.e,, zero transfer area for b molecules). :ﬂ

A slightly inconsistent recommendation is made that the ji

bubble gas pressure, P*, is the sum of the partial pressures

of a and b, The question, of course, is how can b molecules ]

enter the nucleus if its transfer area is zero? This is best
explained by noting that the nucleation rate given by eq, 74 ;}

was derived from an equation similar to eq. 1l
a .
Jk = =

R dax 94
Sa(xinlxi .
! Z
L 2
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To produce eq, 74 from equations 66, 64, 52a and the above

expression, B must be given by the following (if P'=P;+Pg)l

(Pr+pr)

s —a'b
‘ ° (2fm kT)

which does not seem quite right.

The problem is that there are two transfer areas instead
of one and that eq.'l should have been used to determine the
nucleation rate, One can argue, however, that these "errors"
have a small effect in that they appear only in the pre-exponen-
tial term in the expression for the nucleation rate. Neverthe-
less it will be shown that the absurd result J=¢ can occur
under certain limiting conditions in eq. 74.

The particular conditions which render equation 71 or 7
equation 73 valid were determined in reference h (using eq. 74)
in a rather elegant manner. Combing equations 46a, 47, and 55
together with the identity sin(e) = (l-cos(O))%, the character-

istic lens dimension, a in fig, 6a,can be expressed as follows:

2 2,27 3
= _ 20, |, . (O'§+6 595’
% 49591
This formula was factored in reference 4 and appears as eq., 75
below: 1
o o _+o. z Ua-db 27\ .
; = ab a_b) -1)]1~ o 75n
P“-Po) ap ab

From eq. 75 the conditions for determining the location of bub-

ble formation at a liquid-liquid interface shown in fig, 3

' .
Aa o a o
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are now seen to depend only on the appropriate surface and
interfacial tensions. Depending on these values the following

cases may mathematically occurs

’ 1) a is realj;

2)
3)

Depending on whether the second term in brackets in eq. 74 is

is zero; and

Py

is imaginary.

]|

positive, zero, or negative gives the required conditions
because physically °éb<°é+°b always occurs,

a is real only when

Cab >|dé'cb| 76.

The lens radius is zero when
=l - Rt
%% IG; ab\ 77 o

or alternatively when

= g + ]
da. o:b Uab 7 8 1
L
or
= g+ ' ' o
ab °a oﬁb 79. :?

a is imaginary when

% > cf+aéb 80 ‘E

or '%

6y > 0,*0 81, 3

3

These three conditions are discussed below, =~

1) a_is real: =

‘. In this case equation 76 applies. A bubble exists between 3
--1iquids a and b as illustrated in fig, 3¢, and equation 71 or

. ‘- 33
BT
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Fa ob/'ca 82a
Fb=l : ) ‘82b
Aa=0 ‘ 82¢
Ab=l '82d,
Ma=l 82e
-~ M =-1 ¥ 82f,

.r"‘,"v',v.~..rr"'r,".'TT
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equation 73 gives the expression for the nucleation rate,
2) a is zeros ,;1
Either of equations 78 or 79 apply in this case. 1
] [ 3

When equation 78 applies it can easily be shown that 0

(see equations 46, 50, and 52)

Under these conditions equation 73 reduces to the following

equations
2. 16r6?
A(P"=-P_)"\P" 161 oy "\ By 1 >
J=N (“‘:r-g Pé + bl .exp (- >
3 " 2 P" 3 3.2 3xT(P"=P )
m, m (128"365) 0
eq. 832-0 N
Equation 71 with A,=0 becomes
20, \? P 1elra§ ) 8®. ]
;3 =N b 2 exp of ———2—5) A -]
J ﬂ'mbB P" BkT(P”‘Po) » - i
Substituting equation 82 into eq. 74 gives, in addition, J,=0.. -

k
Comparing equations 71 and 73 with 74 shows why this occurs,

There is no transfer area for b molecules so that there is only !;

one pre-exponential term in eq., 74 and this term is zero when
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equation 78 is satisfied,

It may be recognized that equation 83bis the formula for
homogeneous nucleation in liquid b for bubble growth as illustrated
in fig. 34 (except N is now the number density of surface mole-
cules). This is not surprising because Fb=l and hence
Vs= Q/BTTrg so that the nucleus is spherical of radius ry.

The work to form the critical size nucleus is, from the

exponential term in equation 83a(or 83,

161rdg

W= 84,
3(pn-p_)Z

Equation 84 is exactly the formula which would be obtained for
the work to form a spherical bubble of critical size in the bulk
of liquid b, At the condition under present discussion, the
bubble forms at the interface and is tangent to the surface
because © = 0 and § =180 when M,=1 and M =-1,

ii, oy © oab+6a _ , 79

When eq. 79 is satisfied, it can be shown that

Pa=1 85a
=3
B dé/bg 85b
Aa=l 8s5c
=0 85d
M =-1 ' 85e
Mp=1 8s¢.
Under the conditions given by equations 85, eq. 73 reduces to,
2\ po n_p )2\ Py 16w
J= N f 611rda) i—a . (Ab(P -P,) >§_§T exp(_ . 2 ) 6.
3 = s " 5 " e ( PY <
(wlzesogﬂ_ nZ n% J KT(P"=P, )
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When Ab=0. equation Y} reduces to

" 167 >
J =N oAy fa exp(- % 87.
2 7)
P 3kT(P"=P,)

The second term in.brackets in eq. 86 is expected to be negli-

gible compared with the first term because P§ >> Py, Eq. 86
then further reduces to eq. 87.

The work to form the critical size bubble is

3

16w02 k

W= — 88, 7

" Equations 87 and 88 are exactly what one would obtain for B
homogeneous nucleation in the bulk of liquid a except that N .?
would be the number density of a molecules and not the number iﬁ
79

density of molecules at the interface between the two liquids, B
P

In addition for homogeneous nucleation in the bulk of liquid a,
only a molecules would be in the bubble so that P;/P” = 1 and

1 ry/ = . |
5 A spherical bubble is formed when eq. 79 is satisfied because

F =1 in eq. 50b. In addition ® =0 and =180 (from egs, 46a and

Y

- .
- 46b) so that the bubble is tangent to the interface and sur-
rounded by liquid a as illustrated in fig., 3b,

4

3) a_is imaginary:

This is the most interesting situation because there is no:
rigorous mathematical 1imit to which eq. 71 or eq. 73 approaches,
Moreover this condition 18 requently encountered in nature,

. Simply stated, when ais imaginary, a nucleus cannot form

® ...
. . . - . Lt '
I . JUUEICIUETIN \ SRS

~anywhere at the interface and must grow away from the inter-
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face in the bulk of either liquids a or b (figs. 3a and 3e).
® ' Equations 80 and 81 are discussed separately below.

When equétion 80 is satisfied, it can be showh that
Ma > 1,

iy <1 4

L, and F, > 1.
' But the cosine of an angle can never Be greater than 1, Therefore
there is no bubble configuration at the inte1r face describable

by fhe angles @ and ¢ , and hence no bubble exists at the inter-
face (at least in a mathematical sense).

The fact that Fbw> 1 implies that if. a bubble could grow
at the interface, the energy of its formation to the critical
size would be less in the bulk of liquid b than at the interface,
This is so because from equations 55 and 67 at r=ry
_ 161o9F, |

3(pn-p,)?

Cc

w 89,

while the work to form a bubble of critical size in the bulk of

liquid b is given by eq. 84 which is smaller than eq. 89 by

Fb' In addition the nucleation rate is greater by a factor of
6

10° when a nucleus forms homogeneously within the bulk of a

.liquid, Both of these factors tend to increase the probability
that nucleation will occur in the bulk of liquid b rather that

at the interface., The choice is essentially between the loca-

’ tions illustrated in figs, 3¢, 3d, and 3e,

For homogeneous nucleation in the bulk of liquid b there are
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no a molecules in the bubtle so that P;=0 and A,=0. The bubble is

| @ | spherical which implies that Ab=l. Equation 73 then becomes ]
: J = N[—2] exp- —— 90. g
l. Equation 80 is most likely to be satisfied by water-fuel '9:
emulsions stabilized by an emulsifying agent., For such emulsions R

r

Py >> Pp (liquid a is water and b is fuel), Therefore, the ar- ;j

{ .
k‘ guments presented on pages 8 to 10 apply in this case as measured '1

B superheat temperatures are just too low to be explained by

1 homogeneous nucleation in liquid b, This means there must be a

i. non-zero transfer area for a molecules, Assuming that the bubble 104
forms close enough to the interface so that the dominant growth f{
mechanism is that of random molecular absorption on the bubble :surface ;;

3. (i.e., diffusion is neglected), the nucleation rate may be “ﬁ

% approximated by equation 83a. The suggestions are then the _i?

'.'. following: When Py >> Py, equation 8R or equation 8P (4A.=0 in ;

‘@

1 eq. 83a) will apply. If, however, P; << Pg, the expected result
is equation QQ,(P;=O and Ab=l in eq. 73). Experimental results

are in quite good agreement with eq. 838(P; >> Pg) lending sup-

port t.: these recommendations,

+
ii. %, > o; Uéb | 81
° When this condition is satisfied, it can be shown that o
, M <-1 ]
mb>l ]
F >1. ' ."
° a 4

When Fa>l it takes less work to form a spherical bubble of critical
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.
size in the bulk of liquid a than at the interface, This is so é
ﬁ.' ' because for a bubble dividing the interface (fig. 3c) . ~ ’i
3 4
_ 161ro‘aF az 91,
' 3(P“-P°) B
which is larger than eq. 88 by Fa' The use of eq. 88 sug- o

gests that Fa=l (spherical bubble), Aa=l, and Pg=0 (no b mole-
cules in the nucleus) for a bubble forming away from the inter- ;j
face in the bulk of liquid a, Substituting these conditions

into eq. 73, it is seen that =

% 3
J=N (ﬁ'_a) eXp(- ﬂﬁ_) ' 92,
alym B N 2
a 3kT(Pa-P°)

It P; << P¥, the same dilemma will arise as discussed

b
before: the bubble must grow close enough to the interface for
b molecules to enter., This means that the nucleus must be in

contact with the interface, The above arguments can be used to

show that equation 86 will approximate the nucleation rate in

s [} " -+
this case, This suggests that when Pb >> Pa and Oy > o, oab.

equation 86 can be used to approximate the nucleation rate.

4, Summary of Theoretical Discussion

Nucleation at the interface between two immiscible liquids

IBABASRS & ) AAR 0L Sl S e

of which the dominant growth mechanism is random molecular
- absorption on the bubble surface has been described, The
theoretical developments are summarized below,
;.
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1) b > 9,0 76

2 . 2 | .
J = N( _1 )2"71611'1\83'3 ' (i -Po) (l-Aa)Aa) _11;%
11’31280'gf"aB I_\ ma 73. <
3 o]
+ (lém‘b"g M (P"'Po)z(l'Ab)Ab) ] ) *
_— o ", ve o
- "‘i P JkT(P"=P,) g
WhenA =0 andA, =0, ]
3 [/a o%\p f c2\pr 1ov9:Fa 71, 3
J = N(——Z-B— R—%ﬂ);—a- +(—b§h)§%]exl’ (‘ 3kT(P"-P,)* ]
. aT OaFaB ma my ',j
-
F,=(02(2-3M,+12)+03 (2-3m, #02) )/ (o) 50a
2.2 2 .
Mh-(°b+°a;°a)/(26b°éb) L46p .*
Ma=(6§+d§b'6§)/(zoécab) k6a ;g
B'=1-(1-P°/P”) (1/3) 61
A'a=(1-ma)é 52b
Ab=(l-Mb)% 52a
"=N§/3+N§/3 ”
PrPytE]

A lens shpaed bubble will form at the interface between the two

"'liquids (fig. 3c).

2) Oy =

°b+°ab ' 78
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when 4a=0, equation 83b results, There is a negliglble difference
between eq. 83a and 83b, (See fig, 3d),
3) o, > opto, 80
Fb>l
Ma>l
-1
3a) Po<<Py
Zdbi léﬁog 9
J=N exp |-
b (man KT (Py-P_)°

(See fig. 3e).

3b) Py>>py

Equation 83a (or 83b) above applies.

by the followings o, 2 °b+°ab'

k) %y = 9.0,

1

F
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Equation 80 is replaced
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When4Ab=0 in'eq. 86, equation 87 results, There is a negligi-
bdle difference between these two equations. (See fig. 3b).

5) %p > 0'a+°’ab : 81

F>1
M <-1
Mb>l

5a) Py >> Pr

. [ 20 2 161"62
J='N(m§) exp|- —— 92
R 3kT(P3-P,)

5b) 3; << Pﬁ

Equation 86 (or 87) applies, Eq. 81 can be replaced by the

following condition: o

> +
b — a; o

ab’
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III., Experimental Program

1. Basic Considerations

The purpose of the experimental program was to determine
which of equations 76 to 81 was satisfied for the particular
water-fuel emulsions used here, and whether the corresponding
expression for the nucleation rate could be used to predict the
temperature at which nucleation would occur during burning of
the_emulsified fuel droplet. »

The ‘method  used here consisted of preparing an emulsion
of two liquids, a and b, and then heating a sample drop. Such
a drop is shown schematically in fig. 7a. The interface of the
internal phase and surrounding liquid can be viewed és a flat
interface (illustrated in fig, 7b). It is assumed that the tiny
droplets of liquid a are far enough apart so that the surrounding
liquid can be considered as an infinite mass., The geometry of
fig. 7b then becomes that of fig. 3.

For an emulsion drop heated in air, the maximum temperature
will be limited by the boiling point of liquid b. Unless the
nuéleation temperature at the interface between the two liquids
is lower than this temperature, nucleation will not occur, The
b liquid may also have to be superheated. This suggests the
classic nucleation experiment in which a drop of a test liquid
is injected in the bottom of a column filled with a heavier
immiscible liquid under a temperature gradient., The rising drop
is progressively heated until it explodes., The maximum droplet

temperature attainable in this experiment is the limit of super-

.
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heat of liquid b (assuming the boiling point of the column fluid
is higher than this temperature), Since the limit of superheat
of a liquid is usually around 90% of its critical temper-
ature, considerable superheat of the liquid can therefore be
sustained in the emulsion. One is not limited by the boiling
point of liquid b in this expsriment,

The design of the apparatus is basically that described in

reference 11,

2. Experimental Apparatus and Method

A

B

A schematic illustratiion of the apparatus is shown in fig, 8.

The column consisted of a pyrex tube 4.2cm inside diameter and
68cm long. The central 37cm was wound with 32 turns of nichrome
wire and cemented in place with Sauereisen cement. The spacing
between turns varied from 2cm at the lower end to .5cm at the
upper end, Power to the nichrome wire was provided by an AC
voltage supply céntrolled by a variac, Temperature was ﬁeasured
by one #28 gage copper-constantan thermocouple enclosed in a

*L* shaped pyrex tubing jacket inserted directly into the col-
umn heating liquid., The thermocouple was connected to a Leeds &
Northrup Model 8696 potentiometer and calibrated to about ,1C,

A #10 rubber stopper was insertedinto eac 23nd of the column,

.The thermocouple tubing jacket and a condenser were fitted into

the top robber stopper. The condenser reduced the amount of
column heating liquid lost by vapor generation during heating

and prevented harmful vapors from entering the laboratory. A

.nitrogen gas atmosphere above the heating liquid was provided

szamt, arcemivz ot amTe oo
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to reduce oxidation and subsequent darkening of the column

heating liguid (glycerine in this case). Efforts were made to

insure that atmospheric conditions were maintained by only lightly

purging the gas above the heating liquid,

Droplet injection was by a hy;éaermic needle, A 1/8 inch
diameter by 1,5 inch long brass tube with a 3/4 inch diameter
by 3/4 inch long brass cylinder soldered on the end was fitted
into the center of the bottom rubber stopper, A rubber septum
was placed over the brass cylinder which could be punctured by

the needle (see fig. 8). A number 22 gage hypdermic needle
2 inches long fitted with a lcc glass syring was used to inject
the drops.

Because of the necessity of knowing accurately fuel proper-
ties, only. pure fuels were used in the emulsions, Test droplets
consisted of water-in-fuel emulsions, The emulsions were pre-
pared by pouring a selected volume percentage of water in the
fuel and mixing by a counter rotating propeller (fig. 9). Be-
cause of the high water-fuel interfacial tension (typically
between 30 dynes/cm and 60 dynes/cm at 20C), it was necessary
to stabilize the emulsion by adding an emulsifying agent. Other-
wise the water would coalesce and collect in the bottom of the

mixing beaker. The emulsifying agent was first mixed in the fuel

~and the water added later, Various samples containing between

1% and 2% emulsifying agent were prepéred. The emulsifying agent
was a mixture of 60% Span 85 and 40% Tween 85 (available from

ICI America, Inc.,). This particular mixture was experimentally

~found to stabilize higher alkane-water emulsions for at least
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15 minutes at room temperature which was ample time to draw out
a freshly made sample and inject a drop into the heating column,
For other water-fuel combinations this particular emulsifying
agent proved unsatisfactory. In particular a methanol-water
emulsion could not be prepared in this way without the water
coalescing.

The emulsions were made up of 83% fuel, 15% water and 2%
emulsifying agent ( by volume), The four water-fuel emulsions

tested were the following:

1) water-decane;

2) water-dodecanes

3) water-tetradecane; and
4) water-hexadecane.

A test run proceeded by stabilizing a temperature gradient
ih the column and injecting a drop of the test emulsion, Meaure-~
ments consisted of recording the height of explosive boiling and
the corresponding temperature, Explosions of large drops (> 2mm
diameter) occasionally upset the column temperature gradient,
and about 15 minutes to 30 minutes was required to re-stabilize
the gradient., Fig. 10 shows a typical temperature gradient in the
column (the ~ temperature was adjusted to 286C at the top for
a pure decane experiment), The temperature gradient was very
flat at the top of the column, varying about 2C per 1lOcm,
Whenever possible, the gradient was adjusted to cause explosions

in this region,

No liquid is currently available which is immiscible both with
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water and the fuels listed on the previous page, heavier than
both, and with a boiling point greater thszn about J00C., The
best liquid for use as a heating medium appeared to te glycerine
which, unfortgnately. is very soluble in water, A certain
amount of surface dissolution of the water into the glycerine
therefore had to be allowed to obtain nucleation temperatures
by the method used here, Nevertheless,if it is assumed that
nucleation occurs at a water-fuel int :rface within the drop,

the corresponding temperature should be predictable fror ' =
theory presented here, The assump® Jn is being made ttr a

pure fuel shell surrounds the inter 1al emulsion and - no water
can penetrate the fuel glycerine i .terface,

Additional experiments were run using pure hydrocarbon drops
to test existing theories and to jecome familiar with the op-
eration of the apparatus., The h:drocarbons were obtained
from Humphrey Chemical Co. and cf 99,.,6% purity or better, The
folloﬁing pure liquids were usels n-pentane; n-hexane; benzenej;
n-octane; and n-decane,

3. Experimental Results

Tables I and II list the experimentally measured superheat
temperatures for the pure hu.irocarbons and emulsions tested,

The nucleation temperatures of the pure hydrocarbons are
completely consistent with —ralues reported in the literature, 1In
all cases the injected drorlets exploded with a sharp report,
the largest droplets (~2m: diameter) actually shaking the
apparatus,

Droplet exnlosions for the pure hydrocarbons occured in a




very narrow temperature range. Stating an actual mumerical bound

18 somewhat fortuitous, As an example, for the pure n-pentane
drops the thermocouple was positioned at the observed level of
explosion, For all injected n-pentane drops, this level did
not have to be changed because all drops exploded at the same
height.
The temperatures listed in Table I represent an average of
the recorded values and are accurate to within at least * 1C.
The superheat temperature of n-decane was somewhat diffi-
cult to obtain., The measured value of about 283C is only 7C
lower than the boiling point of glycerine, At this high
temperature, stress cracks in the glass column were observed, and
on one occasion the bottom of the pyrex tube literally broke off,

The glycerine could not be maintained for more than % hour

‘at 283C before such trouble began to occur, However, once the

proper gradient was established, and working swiftly, the super-
heat temperature of n-decane exhibited the same narrow range

of explosive vaporization as the other hydrocarbons tested.
Higher alkanes such as dodecane, hexadecane, and tetradecane have
theoretical limits of superheat well in excess of 300C which
just cannot be measured using glycerine as the heating medium,
One would also be better off using a quartz column to support
such temperatures., The highest superheat temperature ever
measured at latm was 287C for cyclo-octane (reference 11), Need-
less to say the apparatus must have pushed to its limit to measure
this temperature.

Injected droplet size was determined by measuring the rate

_.A-A,!‘_-"‘




rise of a selected drop over a specified distance at a given
temperature, The low Reynolds number solution of the terminal
velocity of a liquid drop rising freely in an immiscible heavier
liquid as derived in reference 12 was then used to correlate the
measured rate of rise with the drop diameter. Droplet diameters
for both the pure fuels and emulsions ranged between . Smm
(500 microns) and about 2mm (2000 microns). For droplets larger
thap about 2mm diameter thermal equilibrium cannot be assumed
(ref, 13). Data from drops of this size are not included in
Tables I and II.

Internal dispersed phase (water) size of the emulsions was
difficult to determine. Examination of a typical emulsion sample
under a microscope at room temperature revealed some coalescence

and internal motion. Generally, though, the order of magnitude

6f “he internal water drop' diametersappeared to range from:about
,0lmm: to. ,1mm,. For even the smallest drops the assumption of
a flat plane interface for nucleation is a good one because
the diameter ofaspherical nucle of critical size is about
10~7cm, and 1072 >> 10'7. Techniques for varying the internal
phase size of emulsions, as well as photomicrographs of
typical water-fuel emulsions, are given in reference 14,

Rising emulsion. drops left a visible trail behind them,
This indicated that water was slowly dissolving in the glycerine,
Some settling of the water was also observed., As a droplet rose,
the formation of a visible interface between the clear fuel and

the milky internal emulsion was seen., An illustration of this is

B T |
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shown in fig, 11. Whether this interface was formed as a result
of drainage or settling of the heavier water, or a combination
of both, is not known. In any case this was more pronounced in
the smaller droplets (i.e., less than around .5mm diameter).

Por this size drop,water dissolution was so pronounced that be=-
fore the droplet even reached its nucleation temperature it

had become completely clear indicating that all the water had
dissolved at the surface, The resulting pure fuel drop would
then rise right to the top of the column without exploding.

It was, therefore, necessary to have the injected droplet large
enough so that there would still be some of the internal emulsion
left by the time the droplet reached its nucleation temperature,
In this regard, the size of the injected droplet rather than

the percentage of water in the emulsion 1is more important.

Emulsions with 7% water and 1% emulsifying agent were also

tested. No change in the maximum observed nucleation temperature

was detected, There also appeared to be no dependence of the 1
nucleation temperature on injected droplet diameter, The wide
variéty of internal water sizes described above also provide
evidence of the independence of the nucleation temperature on o4
droplet . .:: size, These observations are consistent with the
theory presented before and the data reported in the literature, f
Emulsion explosions were much less violent than pure fuel "1
explosions, Rather than a sharp report, an almost inaudible
*puff" accompanied each explosion, _é
Fully 90% of the injected emulsion droplets were observed to "‘1
have air bubbles attached to them. This was due to the counter :
a
L 2
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rotating propeller causing significant cavitation in the fuel
in the mixing beaker., Expansion of the air bubbles on the rising
drops could be visually follOwed,These expansions occured within
the first Scm of the heated section of the column and were thus
easy to detect. The column temperature gradient was temporarily
upset by this ardusually required 15 minutes to re-stabilize,

Even without attached air bubbles, droplet explosions . -of
the fuel emulsions appeared to occur over a much wider temperature
range than the pure .. liquids., Imperfectly wetted foreign

particles in particular can lower superheat temperatures, Table II
lists the highest recorded temperature for the particular: -

water-fuel emulsion tested (in recording only the highest measured
temperature, the reader is reminded of the work described in

references 13 and 15),

IV, Discussion of Results

l. Surface Tension

By determining conditions which would result in real and
imaginary solutions to the equation for the "radius" of a vapor
lens at a liquid-liquid interface - eq. 75 - criteria were for-
mulated for determining where a nucleus of critical size would ap-

pear. These criteria were found to depend only on the surface

~and interfacial tensions of the mutually saturated liquids,

Surface tension data of mutually saturated liquids generally
do not exist. Most data reported in the literature are for liquids
saturated either with their own vapor , or in air., The assumption

will be made that the error in using the pure liquid component

s
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surface tensions, o, and Tp is small,

The surface and interfacial tension \ariation with temper-
ature must be known to use any of the for aulas for the nucleation
rate previouﬁly derived, Because these cafa are usually not
available at liquid superheat temperatur :s, it is necessary to
extrapolate t& these temperatures, The erfor incurred by this'
extrapolation accounts for the dominant error in the prediction
of nucleation temperatures.

Pure liquid surface tension value< covering a wide variety of
liqgids appear in reference 16, Data for all liquids reported
are given in the range of about 20C t, 150C, For extrapolation

to higher temperatures, it is useful *o correlate these data

with the following formulas
o= o (1-1/T )" 93
° c

where Tc is the critical temperatu 'e and % and n are constants
whose numerical values depend on the particular liquid. Correlationé
in the form of eq. 93 for .. all liquids studied here, eXcept
benzene and water, were found in the literature., For benzene

and water a computer library sub 'outine was used to correlate

the data given in reference 17 (for water) to a least squares
curve, Values of the critical .emperature were taken from
reference 18, Appendix I listc the constants in eq. 93 and

the least squares constants of the equation

t—3 2 e e 0 94
g = a, + aLT + a2T +

for benzene and water,




Interfacial tension data at high temperature were virtually
non existant except for decane-water, The interfacial tension
for tetradecane
at only 20C could be locatedl For hexadecane-water and dodecane-
water no valqes at any temperature could be found. The extent
of the interfacial tension iata for the emulsions tested is
summarized in Table III below,

Table III
Interfacial Tension

Water-Tetradecanes O = 52,2 dynes/cm (@20C) (ref, 19)

Water-Decane: Oop™ 50.066+.0027247P°-.1205(T-298.15) (ref.20)

A formula relating the interfacial tension to the pure

liquid component surface tensions was derived in ref., 21;

- d 4.4
Oab = % ¥ %p " z(céob) 95.
The last term in eq. 95 represents the dispersion force com-
ponent of the interfacial tension. For the hydrocarbons used
here this is equal to the pure liquid surface tension (ref, 21)
so that og=05. The dispersion component of water, og, was
estimated in reference 9 to be

L
o = k(£ -R)

a
~where K is a constant and Jﬂ and Ji are liquid and vapor den-
sities of water respectively. Combining this with eq. 95 gives
the relation between surface and interfacial tension at a

water-fuel interface and its subsequent variation with temperature:
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o = 0, *+ oy - 2(0,K(8- A)H? 9.

K is determined from a known value of oabat one temperature;

; 2
’ K =[’__ao+°bo-°abo] 1 . 97
z 0y (& - A) 4

where the subscript "o" denotes the reference temperature at

which %ab is known.

Por a tetradecane-water interface at 25C, 6a=71.965dyne/cm.
db=26.126dyne/cm, and oéb=52.2dyne/bm. From eq. 97 (and thermo~
dynamic tables for water properties), it is found that
K = 20,401 cmlz/gB—secz. Similarly for a water-decane interface
it can be shown that K = 21,79 cmlz/gB-secz. and for - octane-

water, K = 22,8 cm;z/gj-secz. These results suggest that the

interfacial tensions of alkane-water systems do not differ
greatly. .

The location of bubble formation can now be determined from | !%
the conditions summarized on pages 43 to 45, Consider as an

example a water-tetradecane emulsion., The highest measured nucleation -

temperature is about 260C (Table II). At this temperature !1
o, = 23,85 dyne/cm, 65z7.9699dyne/cm. and from eq. 96 with -
K=20.401cm12/g3-sec2. oab~l7.078dyne/cm.- Since 3

17,078 > | 23.85-7.9699| = 15.88,

eq., 76 is satisfied., This means that one should expect a bubble f
-
to form between a water-tetradecane interface as illustrated ij

in fig., 3c. Equation 73 or eq. 71 then provides the expression

- - . . P U PO I U i S W |
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for the nucleation rate, Similarly for a decane-water interface
at 230C, 65z30.97dyne/cm, db~5.?8?dyne/cm. and from Table III

oab~25.366dyne/cm. Since

'25,366 > |30.97 - 5.787|= 25.183,

eq. 76 is again satisfied (though just barely). |

It is interesting to note that equations 76 to 81 are also {he
conditions for determining whether one liquid will spread on
another., A detailed discussion of this will not be given here
(see ref, 22), Briefly when eq. 76 is satisfied, a drop of
liquid b on liquid a will form a lens, Equations 80 and 81, of
which equations 78 and 79 are limiting cases, are the conditions
of spreading of one liquid on another, For example, when eq. 80
is satisfied, a drop of liquid b on liquid a will immediately
spread on the surface of a. This is equivalent to a drop of b
resting on the surface of a with a zero contact angle, A similar
explanation applies to eq. 81 for a drop of liquid a on liquid
b. The implication is that when a surface is completely wetted
by another liquid so that equations 80 or 81 applies, a spherical
bubble will form either in the bulk of the wetting liquid (fig.3e)
or at the interface surrounded by the wetting iiquid (fig. 34),
depending on which liquid is more volatile,

For a water-decane interface at 20C, the data in Table III
and Appendix I indicate that eq. 76 is satisfied. From the
above discussion this means that a drop of decane will rest
as a lens on the water, which is easily verified, This can also

be verified for the other water-fuel systems in Table II,
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When 2% by volume of emulsifying agent is mixed with any
of the pure hydrocarbons listed in Table II, and a drop of this
hydrocarbon-emulsifying agent mixture placed on water, the drop
spreads instantly on the water surface, Eq. 76 is no longer
satisfied and the spreading condition, eq. 80, describes the
water-fuel interface. The stabilizing effect surfactants have
‘on emulsions is due primarily to a lowering of the interfacial
tension (the emulsifying agent being absorbed on the water-fuel
interface)., Although no measurements were made here of the
interfacial tension at a water-fuel interface, it is apparent
that if such data were taken, very low interfacial tensions
would be measured,

Depending on the surfactant, it is possible to lower the
interfacial tension from a typical value of 50dyne/cm to
less than ldyne/cm at 20C, Such a dramatic decrease of inter-
facial tension will change the location of bubble growth from
a lens forming between the water-fuel interface (fig. 3c) to

spherical bubble formation at the interface or in the bulk of the

fuel, When this occurs, it is not necessary to actually know a

numerical value of the interfacial tension., This is so because lﬁ

the work to form a spherical bubble depends only on the pure

component surface tension of the liquid in which the bubble grows.

(i.e., equations 84, 88, and 89).  }
To determine the nucleation rate of an emulsion stabilized

by a surfactant, it is only necessary to know which liquid spreads

on the other, a condition which is sure to be satisfied, The !f
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relatively high surface tension of water compared to the pure
fuels examined here, and the fact that P;(water).?> Pg(fuel),
indicate that eq, 80 is satisfied, At temperatures greater than
200C, o, > 20dyne/cm, oy < 10dyne/cm, and o,p 1¢ conservatively

.less than 2dyne/cm when an emulsifying agent is added to the fuel,

These estimates show that the fuel will still spread on water
at this temperature, '

Therefore, for the water-~fuel emulsions listed in Table
II (and probably for most pure hydrocarbon-:aiter emulsions

stabilized by an emulsifying agent),

+
o, > di dab 80
and
3 “(P"-Po)z 24 16{:‘:% Py 16"0'13, 83a
GrlZBBdb)2 m; m; 3kT(P”-P°)
pr = P;+Pg
2/3,.n 2/3 .
N= Na +Nb 7.
For pure hydrocarbons rising in gLycerine; Ug>°b+°éb and
Py >> P& so that the nucleation rate s giveany eq. 90s
20 3 . l6ro .
J=N (—b—B_) exp' - - "bP.)Z. 20
biwmy X 3kT(Pb o

The above discussion indicates that there are two possible
advantages in using an emulsifying igent in the preparation of
water-fuel emulsionss 1) the emuls on will be stabilized at least

for the time of the experiment; ar 1 2) the resulting decrease in
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the interfacial tension causes a change in the nucleation mechanism
to the extent that the corresponding equation'for the nucleation
rate is independent of the interfacial tension,

Surfactant absorption at a water-fuel interface might sug-

gest that the pure liquid component surface tension does not
change appreciably., This hypothesis was tested by measuring
the limit of superheat of -n-pentane and n-decane each mixed with _i
2% emulsifying agent (60% Span 85 and 40% Tween 85)., Superheat ’
temperatures were nearly the same as for the pure liquids, ranging
between 145C-147C for n-pentane and 280C-285C for n-decane,

Given a nucleation rate and temperature, eq., 90 can be solved

for surface tension, Because the measured superheat temperatures

were nearly the same as that of the pure fuels, the pure fuel :E

surfad::§;'essentially unaffected by the addition of the sur- -1

factant used in this study.
The choice of 2 heating medium depends on whether eq, 81 ,?
is satisfied, The hydrocarbons used here spread on glycerine f?
indicating that eq. 81 is indeed satisfied, In addition since E%
E' Pp >> Pys nucleation will occur within the bulk of the injected 'Q
?.' fuel drop (homogeneous nucleation), and not at the fuel glycerine F?
E interface., The results in Table I verify this, A rising emulsion .
; drop can therefore be modelled as a droplet burning in air ex- g
E.- cept that now the droplet temperature is able to reach its 1limit z‘
@ of superheat and not just its boiling point., The advantages of ;
D‘ this are obvious particularly in light of the results shown in ;j

Table II.
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2. Vapor Pressure

The component gas partial pressure in a nucleus of critical
: size is not its equilibrium vapor pressure, but is slightly 1less.
; This is due both to bubble curvature and the fact that the ex-
7’ ternal liquid pressure is at the ambient rather than the com-
ponent equilibrium vapor pressure,
) A nucleus of critical size is in chemical equilibrium,
‘. Accordingly for the ith component, !
2
uj = uf ]
4
or an— " -
‘ dui = dui 980 !
Eliminating the chemical potential between eq. 98 and eq, 19 ]
results in the followings ;?
N 8
L "
Vi apy = Vi apy 99, ]
xi xf :
. ] S =M. ' " " o= "o s : - :
| Since Vi/xl sz/(‘k‘ NO) and V]._/xi Mwi/(,ﬂ N,) where MW, is mole P

cular weight, No is Avogadro's number, and J’. is density, eq. 99

can be re-written as
no= - '
By = an/p

Assuming an incompressible liquid (Jf' is constant) and an ideal
. €as so that P{ = },‘"RT. the above equation can be integrated from L3
the reference equilibrium vapor pressure at which P_{_:P:’{e to

conditions at the critical size where P_,'L=Po and Pi::P;.c' The

. result of this integration is the following:
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Pic = Fie exp(- ‘P‘(Ple o)/(y Fie ) 100,

As in reference 5, the exponential term is expanded in a Taylor's
gseries and the first three terms retained. Eq. 100 can then be

put in the following form:

P{c = (P;e-P )a + P, 10la
where
A A
a.i = (l=- :E_ ""(}T) ) 101b,

Eq. 101 provides a good approximation to the gas préssure
of the ith component in the critical sized bubble, For the
liquids used here @, > .9 at their limits of superheat (e.g., for
water at 305C, a; = «979). Therefore,the component gas paf-
tial pressures in the bubble are nearly the same as their
equilibrium vapor pressures.,

The equations given in Appendix II relate the equilibrium
vapor pressure of the liquids used here to temperature, These
equations were obtained by curve fittiné data available in
various handbooks of thermodynamic properties,

When data were available, liquid and vapor densities of thg
hydrocarbons were fit to a least squares formula, When not
available, a; was set equal to .915 as recommended in reference 11,
In either case the cofrection given by eq. 101 has a small
effect on predicting nucleation temperatures using equations 83a
and 90,

3. Nucleation Rate and Description of Solution Method

— ' Equations 83a and 90 can be used to determine the nucleation

@4
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rate at a given temperature, This is a straightforward cal-
;]lb ’ - culation because J is an explicit function of temperature,
However, to calculate a temperature, equations 83a and 90 must

be solved by'trial and error. In addition it is necessary to

know what nucleation rate corrgsponds to given experimental con-
ditions. This can be adequately estimated if it is assumed that
a droplét will boil if just one nucleus of critical size is
formed in that droplet.

The usual procedure (refs, 5 and 11) is to assume that a
collection of N drops is heated at a constant rate dT/dt (deg/sec).
This caﬂ?controlled experimentally, (Even if dT/dt is some
function of time, little error will result by using a suitable

average value). Since J is the number of nuclei of critical

size formed per unit volume and time, and V is the volume per

drop, the following rate equation can be written:

JNV + dN/dt = 0 | 102, ]

The first term represents the number of expliding drops per unit

time, and the second term represents the change in the number of

drops due to these explosions. Because dN/dt = (dT/dt)dN/d4T, »
eq. 102 -becomes , s T Tooemarr o

© JAT = (=(dT/dt)/V)dN/N 103. k

- 1

The numerical solution of equations 83a and 90 to be pre- ,1
sented shortly indicate that over a wide range of nucleation rates,

the temperature variation of J is approximately exponential -

(i.e., a plot of InJ vs, T is a straight line). It is therefore E
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a good approximation to take
J s J, exp((dlnJ/dT)T) - 10k,

where dlnJ/dT is a constant, Substituting equation 104 into 103
!

and integrating between N=N, and T=To (initial number of drops

at T=T°) to N=Ng and T=Ts (the number of drops which have not yet

exploded at temperature TS) gives,
J(Ts)-J(TO) =-(((dan/aT)dT/at)/V)ln(Ns/No).

J is a very strong function of:temperature so that qaneed-be*only
a:fewﬁdegrees lower than Té for.J(Té)“>>'J(To). Incorporating:
thie approximation in the above equation: gives, b b Bk A

. oo - -
- . U - - PPN Y . s
=T s g SR I S

SRS, J o~ = (‘((dth/d'i')dT/d't)/V)Jn(Ns/No)'

This equation shows that only a temperature at which a
percentage of drops are left can be estimated from nucleation
theory., This temperature is defined at the point where 50% of

the drops have exploded (refs, 5 and 23), so that

J s 693 (((dlnJ/dT)dT/dt)/V) 105,

The slope of the 1lnJ vs, T curve is determined by solving
equations 83a and 90 for a range of nucleation rates, and then
determining the rate corresponding to the given experimental
conditions (i.e., V and dT/dt). The temperature corresponding
to this rate can then be estimated from the tabulated results of the
numerical solution,

For numerical analysis it is convenient to wrlte equations

835 and 90 in the following form:

b
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J = C exp(-W/xT) 106.

The values of C and W for gquations 83a and 90 are the followings

1) for equation 83a,
[}

. ”n 2 ” 2 [1] ‘
_ 2/3..2/3 [(AQ(P -P,) )_P_a_ <16""b)f_g] 1 107a;
c = N +N " + I 1]
(Ng" 4y ) m2 P nZ P (1)'3128130’.2)%

a
. 16f703
W= -—ﬂP_E 107b3
3(P“-P°)
Ba= 47 (30 /(41 RN )%/ " 107¢
2) for equation 90,
3
C =N (2%)  108a;
) qubB
16703
3(Pg-Pb)
Equation 106 can be solved for T to give
- ¥ 109,

[}

k(1n(J/C))

Expressing P in atm, P in g/cm3. m, in g, o in dyne/cm,
and T in deg K, equations 107 and 108 can be re-written as fol-

lows (where N_= P&NO/MWa. Ny = RN /MW, ma=MWa/N° and mb=MWb/No)s

1) equation 107,

¢ = 8.786x1025 (&) P4 (R i )Y ) (arB1) /(30 1208 ¢
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_[r.03x10%? (e ) A )\P2 110b
A= ng P*
a

2

o = 50.265 oy \Pp 110c
wE: )T |

| b

-11 3

W=
(P"-Po)

2) equation 108,

Q
]

3.73%1075| =2

2
"12> )% 11la
3
1. 632x10 __E 111b.

W=
" 2
(Pb-Po)

Both (P;-Po) and(P"-Po) in the above equations are related to
the equilibrium vapor pressure by eq. 101,
The terms A and Bl in eq. 110a were grouped according to
eqs. 110b and 110c to permit a comparison of their relative orders
of magnitude in the numerical solution, It may be noticed that
even when A and Bl are the same order of magnitude, setting
Aa =0 still has a negligible effect on the nucleation rate.. . .
Equation 109 with equations 110 or 111 was solved by what
may be called a modified "binary chop" method (ref. 24), In this
method a temperature is assumed and the right hand side of eq, 109
is evaluated at intervals of 10C until a change of sign occurs,
The increment is then reduced by an order of magnitude and the

right hand side re-calculated at intervals of-1C until another
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slgn change occurs, and then at intervals of +,1C, etc., Admittedly
this method is one of the most unsophisticated and slowly con-
verging root finding algorithms available, at least compared

to the secant method or reguli-falsi method (the New%on-Raphson
method was ruled out because the required derivative was too
tedious to obtain). It is, however, easy to program and always
converges,

o
1' 4§, Nucleation in Pure Liquids - Results

The program used to solve for the homogeneous limit of
superheat is shown in plate 1. Equations 109 and 111 were pro-
gramed directly and can be identified in the program listing,

(The particular program listed is for a n-decane calculation).

. s s " . » ‘l
The only input required for the program is Pie’ oi,‘ﬂ » and fp

Plates 2 to 7 list the numerical solutions of the nucleation

temperatures to the nearest ,1C for nucleation rates ranging irom _
J=l/bmg-sec to J=1010/cm3-sec. listed also are C (1/cm3-sec). : i
o (dyne/cm), W(dyne-cm), bubble radius R(cm), bubble volume
V(cn?), and number of molecules in the nucleus x.

It is seen that T varieé less than 1C per two orders of 1
magnitude change in J, and that there are between 100 and 200
molecules in the critical sized bubble,

A comparison of the experimentally.measured temperatures

"1isted in Table I and the numerical solutiors given in Plates
2 to 7 shows excellent agreement for all nucleation rates assumed 1
in the theoretical calculations. It is ,nevertheless, useful to

estimate what rate corresponds to given experimental conditions.
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Injectéd drop diameters for the pure fuels ranged from
about .lmm to lom with a median diameter of ,5mm being repre-
gsentative, The rate of rise of these drops was about.ScRVbec
in the regioq of explosive boiling (though a precise value is
difficult to measure ), For a linear gradient of roughly
3C/cm the heating rate is about 15C/sec. The value of dlnJ/dT
was determined graphically from a plot of InJ vs. T (fig, 12
shows such a plot for the special case of decane). As shown
in fig, 12 J is well represented as an exponential function of
temperature which justifies the approximation of eq. 104,

For decane, dlnJ/dT ~ 6,4, Similar plots for the other liquids
tested would show that 6<dlnJ/dT<8 which is consistent with
values reported in the literature, An average value of

dlnJ/dT ~ 7 will be used, From eq, 105 the value of J which
characterizes the eXperiments run here for homogeneous nucleation

is Jz1.4x105, or more generally 104<J<106.

P
'“..4‘,'..;.‘4;““ PP S IR

Table IV lists the experimentally measured ' limits of
superheat and the theoretical estimates at J'=lO4 and 106. Also
included is the experimental result from ref, 13 for water.

The large discrepancy between theory and experiment for.water

. BN

has been discussed in the literature (refs, 9 and 13).

5. Nucleation of fuel Emulsions - Results

Plates 8 and 9 list the program for determining the nuclea- 1
tion temperatures of the emulsions using equations 109 and 110, ]
The same solution method as before was used, and the results of
the theoretical predictions at nucleation rates from J=1 to J=lolo 9

are listed on plates 10 to 14,




For all nucleatior. rates assumed, agreement between theory

and experiment (Table .I) is rather good, This agreement was

not necessarily exper.ted both because of the experimental problems
of measuring emulsicn nucleation temperatures and the assumptions
used in deriving tre theoretical model.

Injected drorv. had to be greater than about lmm diameter
to avoid complete dissolution of the water., The data listed in
Table II were the refore for droplet sizes between lmm and Z2mm
diameter. A med an size of 1.5mm is assumed with a corresponding
volume of .0141;13. The rising drops contained 15% by volume of
water, Though *‘ae water is ideally considered to be dispersed as
tiny droplets i. the fuel, this is probably not the case . ~by the
time they rea:h their nucleation temperatures as suggested in
the illustra-ion shown in fig, 11 , Sdme coalescence of the
water probably occurs so that by the time the injected drop
- reaches it:s nucleation temperature, the internal phase may be
considerec¢ as one large body of water., Whether this is in fact
the case is not too important because nucleation at a liquid-
liquid interface is being described and whether this interface
is betws.2n a large body of water and the fuel or the curved

surface of a tiny dispersed water drop and the fuel should not

make 2 lifference. Hence the dispersed water volume is approximately 1%

,15x, )41 = v = 2,12x10 Jen,

The value of dlnJ/dT was graphically determined from the
slope of a InJvs T curve, Such curves a2—e shown in fig., 12
for all emulsions tested (data obtained from plates 10 to 14),

Also included is the data for a water-freon system, It should

R



be noted that the experiments reported in ref. 4 were performed

by injecting pure water drops in a heating medium of freon E9,
and not preparing a freon-water emulsion and then injecting a
drop of the emulsion into a third fluid as done here, Their
results are included here only because the surface and interfacial
tensions of freon and water satisfy eq. 80. In any case it is
seen that for all the emulsions.the value of dlnJ/dT lies between
2,5 and 3.58 with a mean of about 3. This value is to be con-
trasted to dlnJ/dT~7 for homogeneous nucleation in the fuel,

The measured rates of rise of the emulsified drops were
around 8cm/sec in a temperature gradient of about 2C/cm so that

dTdt ~ 16C/sec, Therefore, from eq. 105

J = (.693x3x16)/2.12x10~3 = 1,57x10%

or,
’ J ~ 10%,

Table V lists the esperimental and theoretical predictions
(for J=104) of the nucleation temperatures.of the emulsions
tested, The theoretical predictions are in excellent agreement

with the measured temperatures, It must be remembered, though,

that only the highest recorded temperatures are listed in Table V,

The great majority of rising drops had air bubbles attached to ]
-1

them, and others exploded at lower temperatures probably due ]
Q]

to motes or imperfect wetting at the water-fuel interface,
A relative comparison of the theoretical and measured

temperatures for both the pure liquids and emulsions examined

here is shown graphically in fig, 14, The good agreement of both
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homogeneous nucleation (already well established) of the pure "4

AN

I]_‘ liquids and the assumed mechanism of droplet explosions in
s emlsified fuels is apparent.
3

The pre-exponential term for nucleation in fuel emulsions
[}

‘. is C = 1025, while for homogeneous nucleation C =~ 1032. This

w L
s

reduction is due primarily to considering molecules at the

interface rather than molecules within the bulk of the drop as

il T e e
RO & WA

. 2/
ij. potential nuclei (i.e,, N—N 3)
The values of A and Bl (defined in equations 110b and 110c)

are both approximately the same order of magnitude for all emulsions
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fested. This might at first imply that including the cross
sectional area of an g molecule in the pre-exponential term of
eq, 83a is important, However, the large multiplicative factor

of 1025 in eq, 110a has a damping effect on additive terms of .4
the same order of magnitude, If QDgis set equal to zero in :

eq, 110a, the solution of eq. 109 is not effected and the same

temperatures as listed in Table V result. This would lend sup-
port to the use of eq. 71 instead of eq. 73 for the general
expression describing nucleation at a liquid-liquid interface.
However, it would be conceptually difficult to explain how
molecules of either liquid could penetrate the interface if

4“= Ab= 0. This is so because the assumption was made that

the interface s a boundary across which molecules cannot
cross unless there is an "opening” for their passage., Of course

this is not strictly correct. Nevertheless, for purposes of

%i
|

describing nucleation at a liquid-liquid interface this assumption
does lead to results consistent with experimental measurements,
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The vapor pressure of water is approximately two orders
of magnitude greater “han the fuel at the predicted nucleation
temperature, The fundamental condition of applicability of eq,
83a is therefore satisfied. Even for a decane-water emulsion
where P; s~ 28atm and Ph~ Latm, the predicted temperatures are
in quite good agreement with the highest measured explosion
temperature , However, just.how much more volatile one liquid
must be than another for eqs. 66 or 67 to be valid is an open
question at this time. The results presented appear to be valid

when there is at least a one order of magnitude difference in

vapor pressure.
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6. Application to Emulsified Fuel Combustion

Disruptive burning of emulsified fuels is well estabilshed
in the literature. The cause of this phenomenon is here attributed

to nucleation at the internal phase (water) -fuel interface,

Whether droplet boiling will or will not occur in a given physical

situation is determined primarily by the surface tension of

N L e e ]

the fuel and the vapor pressure of the water, The addition

of an emulsifying agent to the fuel during emulsion preparation

changes the mechanism of nucleation from bubble growth between

»
!

the interface - a lens shaped bubble - to spherical bubble
growth tangent to the interface and surrounded by the fuel (fig.3d).
Because of this it is not necessary to know a specific wvalue

of the interfacial tension of the two liquids composing the
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emulsion., The following proportionality based on eq. 83a can
e then be written: ' ;i

. S
' (Pg + 75 - Bp) -
o  }
b To determine whether a particular emulsion will burn f;
f disruptively or not, it is necessary to know only whether TS is | f
i. greater or less than the boiling point of the fuel at the ambient ._.-‘
pressure, Po. The steady state temperature of a burning pure ":
fuel droplet is not exactly its boiling temperature but is * slightly f
lesé. This isglfbecause the fuel mass fraction at the droplet l.i
surface is not exactly 1 but is slightly less due to the presence ;f
of the products of combustion (i.e.; the vapor pressure of the fuel .i?
is not its equilibrium vapor pressure), Nevertheless, in most ' ;;
cases the actual droplet temperature is usually only a few ff
degrees less than its saturation temperature, ;ﬁ
The heating period in droplet burning (ref; 25) provides ;ﬂ
evidence that disruptive burning or fragmentation of the primary ]
fuel droplet will ccour only within the first 10% to 20% of the 1
total burning time, The main question is still whether the aﬁ
nucleation temperature (Ts) is greater or less than the steady C
state droplet burning temperature,

Tables II and V show that for decane, dodecane, and tetra- :l
-1

decane emulsions no explosive boiling will cccur during combustion

because Ts > Tb (boiling temperature) for these emulsions,

because T < T, (i,e., 269,7 < 287.5).

For a hexadecane-water emulsion disruptive burning should occur !ﬁ
1

1

]

-
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Nucleation temperature predictions for o -her than water-fuel
® emulsions stabilized by an emulsifying agent are straightforward,
One only has to subsitute the appropriate p. operties of the
internal phase and ... fuel into 3'.: computer program
® listed on plates 8 and 9 to estimate a temjerature. One need not
go to this trouble for the particular case of an emulsion of

methanol and three of the four fuels used here, The homogeneous

® 1limit of superheat of methanol is 186C (r:f, 15). Since a liquid
cannot be heated to a temperature higher than its homogeneous
nucleation temperature corresponding to ".he ambient pressure,
o internal boiling is guaranteed to occur for an emulsion of
"~ ...% dodecane, tetradecane, and hexadeca .e, Simply stated, the
steady state droplet burning temperatur :s of these fuels are all
higher than the homogeneous nucleation temperature of methanol
(for burning at 1 atm). Such an observition leads to the following
generalization for the prediction of ¢roplet explosions in the
burning of emulsified fuels: Explosiv: burning,or 1t the very least
internal boiling,will be guaranteed to occur if the steady state

burning temperature is greater than the homogeneous nucleation

temperature of the internal phase. If this is not the case, the
theoretical formulations derived here can be used to determine o

at what temperature nucleation sho1ld be expected, .

This study was concerned onl: with developing a theoretical ik
model for disruptive burning in enilsified fuels and its ex- ?
perimental verification at latr, While information on high pres- 1
sure nucleation can be obtainei ‘rom the results presented here, !%

\
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there is currently no experimental evidence which couli be used
in support of any subsequent conclusions (except at latm as
reported here). Before this work is finally completed an experi-
mental study pf nucleation at high pressures (>10atm) will be
undertaken,

Mdetailed discussion of the role of the suspending quartz
fiber in inducing explosive burning of emulsified fuels will
also be given at some later time., Such a discussion will not
require theoretical formulations beyond what already exist. in the

literature,

V., Conclusions

A theoretical and experimental investigation of the explosive

burning phernomenon in emulsified fuel combustion has been under-
taken, The approach was that of using nucleation theory to

explain the mechanism of droplet explosion in the burning of
such fuels, The theoretical model is based on fhe assumption
that a spherical bubble grows at the interface between the

fuel and internal dispersed phase, and is surrounded almost com-
pletely by the fuel except for an opening large enough to}permit
molecules of the volatile internal phase to enter the bubble,
The bubble grows until a size, known as the critical size, is

reached at which the bubble is in a metastable state, :Growth

beyond the critical size occurs by the addition of a few more

molecules and results in a sudden and rapid boiling of the emulsion

drop.
No previous observations (to the authors knowledge) have
been reported on free burning emulsion drops,
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The experimental method reported here attompted to model this ]
configuration by measuring nucleation temper~atures of rising

emulsion drops in a heavier heated liquid, This technique

enables the emulsified fuel drop %o be heated to a temperature
well in excess of its boiling point. In a free burning emulsicn
drop, however, the maximum temperature is limited by the boiling
point of the fuel,

The conclusions of this investigation are given below,

1) The expression for the nucleation rate at a liquid-

'liquid interface has the general form,

J = C exp(-W/kT).

When P;>>Pg. the following forms of C and W are assumed
depending on the surface and interfacial tensions of the two
liquids:

> -
1a) %ab~ ‘a cb

: ) _ .
O6TA_o + A (P"=P_)“(1-A_)\P"

mf P
167A,0> + AP =P )2 (1-A, )\ Py

4+ (1840 b.% o b)_P_b 13 i
mb (1{31280aFa)2 ~
3 .
" = léwuaFaz b
3(P"-Po) ’1

Fa=(02(2-3Ma+Mg)+dg(2-3Mb+Mg))/(462)

2
Ma=(°§+6§bb°b)/(zdédab) !ﬁ
_ 2 2
Mb-(of>+cab'da)/ (20,9, 1) -]
,
]
1
l!a'
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v ®
B=1~(1/3) (1-F/P*) ]

® ®
A =(1-M,)/2 ]

e P"=P3+Pp; | ?]
1b) o 2 opta,,,

| 2

. "o 2 " 2 [ :...}

Qe c=(N2/3+N2/3)[ﬁSa(P ‘Po) )_Pé ,,_(lém’b)ip_ 1 . ojﬂ
a LA m> P maé Py Tr3128Bog )2 T

‘e 16mo3 o~
| W= —2>" = m
-r,)
lc) o = o_toab

b a 10

2/3,2/3 1610, \ Py (P"-P )2[15_ Py | 1

=0 INN o

a o\ m P} (128807 ..%

3(pv-p, )2 -

and 1d) o, > o _*o ;!1

b a “ab S

20a % '

2 (Trmaﬁ) -0,

3 =

3(Pg-Py)

:‘!“:

. .. 2) setting A,= A,=0 in the above equations has a negligible
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effect on the nucleatior rate,

‘. 3) For water-fuel emulsions stabilized by an emulsifying
agent, the interfacial tension will be very low and condition
2a above will be satisfied. The nucleation rate is then
¢ independent of the interfacial tension and depends only on the .
pure fuel surface tension and vapor pressure of water, E
o 4) Nucleation temperatures of emulsified fuels can be ;
)

estimated using anucleation theory. These temperatures are
well in excess of the boiling points of the internal phase
but less than their homogeneous limits of :superheat, .. .. . ;}

5)The frequency of nucleation at the temperatures listed
in Table II was very low (being approximately 1 out of 10)., The
great majority of drops had air bubbles attached to them which S
expanded on heating. Dissolution of the water occured during
droplet ascent and was most pronounced for emulsion droplets
less than about .5mm diameter. Nevertheless, this did not
effect . . superheat temperature predictions,

6) The location of bubble formation can be predicted by
determining which of equations 76 to 81 is satisfied for the
particular components of the emulsion, This supports the

conclusions of reference 4,

7) Disruptive burning (i.e., droplét explosions) will
‘occur if the nucleation temperature as calculated using eq. 83a
is less than the steady state burning temperature of the emulsion.
8) If the homogeneous limit of superheat of the internal
phase in an emulsion is less than the steady state temperature

of a burning drop, disruptive burning will occur., This is, sure
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to be the case for emulsions of methanol and the higher alkanes

such as dodecane, tetradecane, and hexadecane.
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X Table I »
. ® Measured Limits of Superheat of Pure Hydrocarbons g
>
Liquid ﬂ T,(C) T,(C) T,(C) Ts/Tc(K/K) |
i" ° n-Pentane 72.1 36.1 147, 196.5 .895 'Ji
} B
' n-Hexane 86.2 68.7 182, 234,2 .898 5
Benzene 78.1 80,1 225.3 288.9 .886 -."‘_
L% -d
a n-Octane 114,2 125.6  241,7  295.6 .902 ¢
- n-Decane 142,3 174.1  282.8 44,3 .90k »
¢ d
& y
‘ Keys i
o MW - molecular weight .j
;: T, - boiling point at latm
: Ts - measured nucleation temperature
: Tc - critical temperature
. .
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Table IT E

' 4
Measured Nucleation Temperatures of Water-Fuel Emulsions
83% fuel, 15% water, 2% emulsifying agent

Fuel - .. MW Te(C) T (C) T e(C) T /T (K/K)
n-Decane 142,3 174,1 228, 44,3 | - .812
n-Dodecane 170.3 216,2 250, 385.1 795
n-Tetradecane 198,4 252,5 259, k21, .767
n-Hexadecane 226.4 287.5 262, Ly, 748
Freon-E9 1614,3 290, 228% 363. .789

Keys ' , !ﬂ

wa-molecular weight of fuel
be-boiling point of fuel at latm
Ts- nucleation temperature o

ch-critical temperature of fuel

'S
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adata from reference 4
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Table IV o
' Homogeneous Nucleation: ;f&
. o
e Comparison of Theory and Experiment @)
Liquid T T T T P T
b sm sc sm “sc .
. g=10" =10° .
o « -0y
: n-Pentane 36.1 147, 146,.1 146,7 3 fﬁ
n-Hexane 68.7 182, 183.4 184,1 -2,1 ;iﬁ
“ Benzene 80.1 225.,3 228,9 229,8 4,5 ;g
n-Octane 125.6 241,7  238.8 239.5 2,2
® n=-Decane 174,1 282,8 281.9 282,6 2 5;
- . -
Water 100 279.5% 3054 306.3 -26,8 B
R
Keys zi}
Tb-boiling point at latm S
@ :Q*
T p-measured nucleation temperature o
Tgo-calculated nucleation temperature :
using eq. 90 K
(V) J
T
) a =04
data from reference 13 -]




Emulsion

Decane-Water
Dodécane-Water
Tetradecane=Water

Hexadecane-Water

Fenzeac s ovedt

Freon E9-VWater

ay=y0t

b

¢ =102

Table V

! Nucleation in Emulsified Fuels:

Comparison of Theory and Experiment

a

Tor Tem Tec Tem s
174.1 2289 230.8 -208
216,2 250, 252,5 -2.5
252,2 259, 262,2 -3,2
287.5 2630 269c? -607

R/ 2;"; T 7 ‘75
290, 2282 231,7°  -3.7

Keys

T .~fuel boiling point at 1atm

bf
Tsm-measured nucleation temperature

Tsc-calculated nucleation temperature

using eq. 83a

data from reference &4
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Appendix I

t Constants for Equation 93

o =d, (1 - 1/1)"

Liquid o, n Tc Reference
Decane 59,37 1.38 617 .4 1s
Hexadecane 55.2 1.33 717. 26
Hexane 52,4 1,22 507 .4 27
Octane 55.72 1.30 568,.8 15
Pentane 53.4 1.23 L69 .4 26
Tetradecane 54,9 1.32 694, 26
Freon E9 37.41 A 1,22 - 636, : 4
Benzene: 6=80.8?7-.212T+1.21836}:10"""12

Dodecanes 0=58.75-.13354T+6.726x10 1%

Waters o=135,547-.377T+1.081x10™372-2,197x10~613+1 , 424x10~97%

Units: o - dynes/ca

T - degrees Kelvin
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) Appendix II B ‘1
Vapor Pressure as a Function of Temperature 5

Benzenes P=exp(9.3-1.575x103/T-1.526x106/T2+5.045x108/T3-6.295X1010/T4) ‘ﬁ

[ :‘.‘

Decane: P=exp(8.130-1.406x103/T-1.29x108/72+1 ,33x108/13)

Dodecanes P=exp(7.035-321.,3/T-1,97x10%/7%+2,129x108/13)

® Hexadecane p=10(-3366 .1/1+8, 96)760 * 4
Hexanes P=exp(13.971-8.655x103/1+2, 589x108/2%-5,4u9x108/03+3,86x101%/1%)
Octanes P=exp(15.16-1,16x10%/T+4.31x10%/7%-1,06x10%/73+8,871x1010 /7%)

(@
i Pentaner P=exp(13.56-7.223x103/T+1.8x108/72-3, 36x108/13+2,11x1010/7%)
' Tetradecanes P=10('3‘°°u'375/T+8'629)/760 *
® Freon E9: P=exp(24.76-1.755x10#+2_.039x106/1‘2)

Water: P=exp(12,409-4,626x107/1+1.121x105/7%-4,272x107 /13)
F
F’O * equation obtained from CRC Tables
T, . ; Units:s P - atmospheres
- T - degrees Kelvin
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1,WA,WB,ALPA,ALPB,XA,X8,F,W,V,B,C,F, DLO ,CEXP,DSQRT,H,B1,P,P3,PB,A)

:DOUBLE PREC ISTOH TI,;,DK OB,OAB DLa, DVA,DLB DVB PI.A PLR

. 1,AV
® -—.__._. WRITE(6,100) __
100'7f FORMAT (1) =752
- sz=- 7L WRITE(6,800) Ce T =
[ QOO__A PORMAT {25X,'LIHIT OF. SUPERBE T-DE{?
RATE=1.
2 T=400.15 {
¢ _I=0___ __ _
T VRITE(G 200) PALE‘““‘*—»~—‘ = —_
200 = PFPORMAT(/' - - - - NUCLEATION. vz“E;-",D1O 3?i*"“::" e
3= Ti-0A= 59. 37*((1 ~T/E1T.6) x4 1, 38)_ =

1(T**3))

. _ _DLA=.u47
U F=FS ALPRA=.915 T

© WA=142,287 7 -

= . PATM=1.0 - .-

AV=6.02296D23
P= (PLA-PATH) *ALPA+FATN
v . B=1.-(1./3.)*(1.-P2TUL/P)
TR =1.631082043D-11% (DA*43) /( (P-PATH) ¥A2) e e e e
- c=3. 729537943D33*Dcoa"((DLA**?)*oa/((wat*3)*n)):ff""“—~-‘**———5

E=2.*0OA/((P-PATM) *1,01325D6)
v—u 18879* (R%%3)

;_P=fW/(1.38025D~16*D 2G (RATE/C) ) aimii= ==,

=p*1.01325D6*V/(1.38025D-16%T) _ e
i ;L T-273.15 L T = :
- IP(I.EQ.1) GO TH 15 S e o - ]
£ IF(I.80.2) 5070 20 = ' E
IF (P-T) 15,15,10 _
10 T=T+10.
[\ 4 .60 TO 1 B -0
15"" P=Pel, - 1o io il - - ]
. 1—1,_m:"; i
- C IP(P-T)1,1,19 oo = ]
19 T=T+1. B
20 T=T+,1 g
~F , I=2 N . o :...4
l " IP(P-T)35,35,1 - = )
35 WRITE(5,8)TL,C, on,pr R,V H, x - ST e - .
8 FORMAT (¢ T = ',P6. 2, cC = ',D10 3, DR .= %,F5.3,' PLA = ! L
[ 1,F6.3," R = *,D10.3,/16X,'V = 1,D10,2," W="',010.3," X =1, i
1P4.0)
. 25 _ RATE=RATE#*1.D2 _ ) A
IF (RATE-5.D10)2,2,26 ]
26 STOP .
...  END il __._ .-;:__.-.'_-74_-__-.;_' L e laT a
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144.90 C

146. 10 C =

145.50 _C_ =
Yy =

NUCLEATICN =

9.

NUCLEATION PA”E = o 100D 03
0.648L 33 _ OA = 3.461.. PLA = 1t
.623D-18 W = 0.407D-11 X

0

NOCLEATION

146.70 C =

1ue 0 ¢ =

0.642L 33 3.84A1TPLA S 15,0627 LR

0

'NUCLEATIon

0.
0

ATICN PATE = 0.100D 09
= 0.

0.

ION
0.

, 0

_0.6730-18__ 4 = 0.435-11

ATE = 0.100D 01 3
653D 33 oA = 3.512  PlLA

RATE = 0. 1OOD 05

H

577D-18 B 0.3810 11

BATE = 0.1000 07
636D 31 OA = 3.361 PLA = 15.207 R = 0.503D-06
534D-13__ W = 0.357D-11 X = 132

629D 33 _ DA = ZPLA =, 15. 4
488D-18 4 = 0.330D-11 % = 122

RATE = 0,100D_11

623D 33 02 =
446C-18 W =
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T TR

T = 182.20 C = 0.477D 353 oA = 3.288 PLA = 13,132

T = 182.80...C = 0.474D 33 - 03 =--3.242 -

T =183.40 -C' = 0.470D 33 .02 = 3,197 PL

NUCIEATION RA”E = 0 100D 01

v

,u

.0-837D-13_ 4 = 0.471D-11

NOCLEATION RATE o 0.100D 03 -5 =

V= 0.776D-18 4 = 0.4420-11

NUCLEATION RATE = 0.100D_05

0.720D-18

0.414D- 11-¢

T = 185.50 C = 0.459D 33 31 T 3,038

"0.100D 07
oA = 3.143  PlLA

NUCLEATICN RATE
T = 184.10 C = 0.467D 33

V2 0-659]

NUCLEA BATE = O.1OOD g9

T =._184.80 - _C = _0_u63n 33~ 0R:=--3.090"

<!0

= 0.603D-18 & = 0.355D-11

_ NUCLEATICN RRTE =_ 0,100D 11

BT § _o. 551D-18 y Ai

h . . -A,‘! _'A_‘.‘_._“_A_‘A‘.E g0
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NUCLEATICN 331X = 0.100D 01
b T =227.30 _C = 0.5030 33 0y = 5,114 PL2 = 21.8J7 2 = 0.494D-
' F = }.3045-15- '522D-11 3.
i FIUHEATE =0, 100820352 = —
T = 0,893 33 24 = 5,041 PLY = 22.153 5 = 0.482D-06
V= 0.4630-18 % = 0.490D-11 X = 149,

SEE e NOCLEATICE PRAET =550

. 0.882% 330 0iF.T L 4.0

= I s mmee Y = e 5 35343 D-18 =g

NUCLEATICN FATE =

0.199D 07

0.458D~

06

COREZ USAGE OBJECT CODk= 3054 BYTES,ARKAY

DIASNOSIT.

COMPILE TIFE=—3

¥%x% WATFiIV VERSION 1.4 ***% JOB=0Ju4

- 04




) LIﬁI; or SUPERHEAT O”IAhE ; o . : -

'NUCLEATIch_RATL = 0.1000 01
g T =237.50 C = 0.291D 33 ©0A = 2.874 PLA = 10.379 R = 0.661D-06 - 4
. _ V= 0.121p-17 _ 4 = 0.526D-11 X =167, °

' N NUCLEAT"'OY 51\”5 =—‘ 0.>1
‘ 238.10__C =_ 0.290C 33 0
W

= 2.835  PiA = 10.381...3 = 0. £45D-06
' = 0.,1120-17

0.498D-11 X = 156.

»3
W

®  NUCLEATION RATE = 0.100D 05 o ) e
$= 238,80 C = 0.287D 33 0a = -2; EREETT by T
Zeeozo V.S 0.1030-17

ON SATE = 0.1000 07 - =]
0.2850 33 O0A = 2.746 PLA = 10.721 R = 0.609D-06 -
' 0.948D-18 ¥ = 0.427D-11 X = 134, et

‘ T NUCLEATION R2TE P 0. 130D 09" =
T = 260.20 T = 0.283D 33 _ 3A_=. 2.702 7 PLA-= 10.343
; V= 0.870D-18 & = 0.397D-11 X = 124,

) B ~ NUCLEATION PATE = 0.100D 11

T =241.00 C = 0,280D 33 oA = 2.651 PLA = 310.983
ez V.= O 7880-18:;; ,’;o. 364D-11 . _X-=_114




“ NUCLEATION RATE éj o 1000 01
T = 280.60 0.197D 33 J0 = 2.581
: o 158D 17 _:3 = 0.565D-11

PLA

7ﬂ<r1
nh

ﬁ

ON EAT B = 0.

03 . e : A =
2,548 PLA 8.787. .-.R =: 0,706D-06.

190D
A:

0. 1“7D-17

1
_0.196D 33 . 0A = S
W = 0.532p-11 X = 158.

o NUCLEA
T = 281.90 ¢

ION BRATE = 0,100D 05
0.195p 33 oa = 23509 - PLA ==8.883"
. 0.1360-17 ¥ =.

Y ==—0,687D-06-""

[* ]
el
X
o
2y
"
o
)
o
<,
w
=]
[]
(=]
o

T = 282.60 0.193D 33
0 125D-17

IGN FATE = O. 1oonA09

~
4
AT
AT

NUCLEA TIGN RATE =

N
0 0.192D 33 __0A =. 2.431 . PLA.=
0.115D-17 w = 0.4290-11

-

1]

N

o

w

.

w :
o
dﬂm l‘

|

RATE = 0.100D_11

N
0.190D 33  oa = 2,382
0 1030-17 f 4= 0 3920-1?
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L

NUCLEATION‘R\TE =

303.70 c = 0.151D 35

 SUCLEATION RATE <

304.50....C

NUCLEATIOK RATE =

£ 305.40 © C = 0.148D 35
e o | oﬂ131n-1s

-

0.100D 01
*0 6260 11

0 IOOD 03

- 0.349p 35
V= 0.141D-18 0.590D-11

0 100D 05

DA = 13.284 — PLA
_WXL

X = 150.

NUCLEATTON RATE =
306.30

NUCLERTTCN RATE :
. 307.20. C = 0.144D 35 - DA = 12.872 . T
v= 0.111D-18 0.481D-11
. NUCLEATICN RATE =
 308.20 C= 0.143D 35
.;_;;t‘;::;_:;v ?_ 0 102])—18 e —:HT—:_L:'?——

T 0.100D 07

0.146D 35
0 1210‘18

PLA = 93.652 R
X = 130.

740.5159-11 L

0.100D 09

n
o
w
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~J
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o
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B - S S . SRdcI A A e S

- DOUBLE PRECISION "'L,J.,OA 0B ,0AB, DLA DVA DLB DVB PLA PLB,BAIE PP.TH
1,WA,WB,ALPA,ALPB,XA,XB,R,¥,V B,-,P DLO ,Dr.XP DSQBI,A B1,P,PA,PB,Ad
- 1,AV
[ ____WEITE(S, 100)
100~ FORMAT('17)
WRITE (6,400) ~ -
. PORMAT (30X, 'WATER~T
RATE=1. )
- 2 T=503.15
jo 1=0 . _
. T E===_ == WRITE(6, 200) RKTE—‘;'_':‘-’E:‘F?’:mT—*—:—'r" ==
. - PORMAT(/'- - - - KUCLEATION nA'T'E '
 CEEE T OB=SU.,9% [ {1.-T/694.)*%1,.32) T

OA=135.547-.377235¢T+.0010812% (T*#2.) - 2.1970-6*(r**3 y+1.424D-9%(
1T#%4.,)

_ DLA=.514067+.002923*7-4. ssan—s*(wttzm)

an-nzxp}i°'A0918 4626. 3369/T+1121u9 8279/(T**2 7.)-42723878. 31/(1* -
1*3.))
_PLB=(1./760.) % (10. %+ (-3004.
“¥2=18.015 _- — = ==
. WB=198.935: == ,*““ — =

375/T+8. 6‘28699))

 PATN=1.0
ORB=50.066+.0027247%PAT M-, 1205* (T~298. 15)

AV=6,02296D23
TFALPA-1.-(DVA/DLP)+ 5*((DVA/DLR)**2." = = ==
= (PLA-PATH) *ALPA#PATH . .. - S =imssamm s s == =
-—;__pB (PLB-PATY) *ALPB+PATH = e
P=PA+PB
B=1.-(1./3.)* (1.-PATM/P)
... DELA=12.566371*((3.*WA/(12,.566371*DLAXAV)) **, 6667) -
T a=1, 026975563D12*PA*((D—Dl““)**Z)*DLLA/(P*DSQE“(HEY'" -
B1=50.26543246% (03**2) *PB/(P*DSQRT (¥R)) :
e _R=1.631982043D-11% (OB**3 )/ ((P-PATY) *%2) s e
C=8.786D25% (L+B1) * (1. /DSQR“((OB**3)*B))*((DLA/ﬂA)**.GS?#(DLB/HB)*
1%,667)
F=-4/(1.33025D-16*DLOG (RATE/C)) _ __ .
B=2.%0B/ ((P~-PATHM) *#1.01325D6) CEEE TR BT ASEETTIEE
V=4 _18879% (R**3 ) o
. _ YA=PA*1,01325D6*V/(1.38025D~-16%T)
XR=PB*1,01325D6*V/(1.38025D-16*T)
TL=T-273.15
IP(I.EQ.1) GO TO 15
IF(I.E0.2) GO TO 20
IP(FP-T) 15,15, 10

10 . T=T+10. . .. -:= .
t G0 TO 1
E._ 15 T=T-1.0
g I=1 o } . L
IP(F-T)1,1,19 T L S
19 T=T+1. = B ' : i '
20 T=T+.1
I=2

Aa A a v

o2 -'-1.4.! L..a.;. A aa

Ve
N .
o L

da

e -
R K I T vl

L

[ -« s wm ) a ' . vy



» IP(F-T)35 35,1 5. % =
35 WRITE(6,8) TL,C, oa 03,PLA,PLB,R,V,X4, xa W,A,B1

8 PORMAT(' T = *,P6.2,' ¢C = ,n1o 3, oA
) __1P6.3,'  PLA = ,,?0.3 /16Y,1PLB = ! F6. 3, R
E =4,010.,3," - Xa (F0,

"o
h:
U‘l
o
L]
N
==
)]
e
-
=
w
o

.—1 D11 “’ ) 31 . ’,1011'1‘)“;‘:?,

. RATE=SRATE*1.D2 - = == ==
IF (RATE-5.D10) 2,2,26 s
26 STOP =]

. ) i . .
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L

SR Re R LR AR A ol

g T - L ADem Al Juas et o~ S0 a4 LIS Sunit Japas sl e NNl AR auRa- L S S D S A ,_"'.r—_‘s"--_-j
T —— P . v - - v < -

- , NUCLEATION RATE = 0.100D 01 ) a

g T = 228.50 _C = 0.197D 26_ 01 = 31.222 _ OB = 5.892 PLA = 26. 955
ZaT: o2 TUUPLB = 3 494 R = 0.403D-06 V = 0.275D-18 XA = 107.

- o _XB = 13 W= 0,401D-11. A = _0.9406D 00 . B1 = 0.15090 02 "

CLEATION RATE = 0.100D 03 g
C = 0.196D 26 OA = 30.966 OB = 5,815 PLA = 27.512
. 3.570 _ R = 0.390D-06 = 3
,éj 0.3700-11 7

U

3

L}
»N
N
\O
0\
ox

. i: : . NUCLEATION EATE =. 0.100D 05 5 e
T = 230,80 C = 0.196D 26 OA = 30.688 OB = 5.731 PLA = :
PLB = 3.655 R = 0,376D-06 VvV = 0.222D-18 XA = 89. "y

_XB_= 11. W= 0.3390-11 0.1029D 01 = 4

. NUCLEATION EATE = 0.100D.07- =
T = 232,10 _C = 0.1950 26 OA = 30.386 _.0B =__
" "PLB = 3.749 R = 0.361D-06 =

XB = 10. & = 0.307D-11 a = 0.10

197D-18
ZD 01 B1

@
m«:nnﬁ

- "NUCLEATICN RATE = 0.100D°09° -~==??;:;3$f&f*—:ezzz:-m

T = 233.50. C = 0.1950.26 . OA = 30.060 5,543 - PLRA’

.. ...--. PLB = .3.852.. R = 0.345D- osm_mv 0.173D=18
XB= 9. W

in nf
.

0.277D-11 A = 0.1141p 01 B4 .

. . VUCLEA”ION _RATE =__ 0. 100D 11 _ e
T = 235. 10 C = 0.194T 26 - 0A = 29. 687’*"DB¢EN 5. 333” PLE =30.430"=="
PLB = 3.372 R = 0 329D-06 - - = 0,143D-18 '-XA = 687

e s e T XB_-.::St.:;:—'H =--- Q. 246D=1 1:;__3-_=_<_ 0_51_2_”1_3>D_’_01_.::_: L= .1376D.02.
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TR L W WS W

. NUCLEATION RATE =
T = 2u9.60 _ C =__0.955D 25

= - 2.053

0.100D O1

= O 102%1) 02

o'zosﬁfia
19210 01~

NUCLEATION RATE

T = 251.00 C = 0.962D 25

__PLB = 2 111

O 1OOD OS,

0.167D-18
0.2128D_01

0. 3“10 -06

0 100D 07
-0}y = 25, 2'4’4: -DB':

0.328D-06

0.317D-11

0 147018
0.2250D 01

T B NU»LEA”ION B2 A
T = 252 50 c = 0. 971n 25
PLB = 2.176
—— . P
NUCLEA;IOh rn E =
T = 254,10 .. C = 0.981D 25 -
© PLB = 2.2Uu6
XB = 4, v
"NUCLEATION RATE =
T = 255.90 C = 0.994p 25 .
s ee-rT o PLB = 22,2327 - R

XB = 4, W

0. 100D 09

xa-‘.'r::;jm

0 313D~ 06 P I
0.9348D 01

0 28&0 1

. NUCLEATION ERTE =__0.100D 11

T = 257.90 C = 0.101D 26
. PLB = 2.419

T ¢ T FEEN o

- DA = 28,3537
0.298D- 06

6 801_“‘PIA
i 0.110D-18 ~ -
=:20.252D=11 2 A =-:0,2563D. 01"';3‘!- L SE Q05 3 70D 01

u5‘Ta6“~——f“




A - a a.a

')
'Y : PLATI -
) i
= +
e NUCLEATION EATE = 0.100D 01 L2
- T = 259.20,‘ C = 0.599D 25 0A = 24.048 1;0815__8.022w_,PLA,= 46.123 |
s B = 0.353D-06 - V = 0.133D-18 Xa:=:-113750 ]
o 418D-11 A = 0.2610D 01 = B1.=" 0.6235D 01 -
. “NUCLEATION RATE = o.1oon'33m I
@ T = 260.60 C = 0.612D 25 0A = 23. 719 OB = 7.931 PLA = 47.194 (3
1,315 ::3 = V = 0.156D-18 XA ; 104,
LTI NUCLEATION RATE. -.;_$"i4 - g 3
‘ T = 262,20 C = 0.626D 25 OA = 23.344 OB = 7.826 PLA = 08.440 S
® PLB = 1.367 R = 0.328D-06 V = 0.147p-18 XA = 95, At
, e ____XB = 0.352D-11___A = 0.2887D C1__B1 = 0.6053D 01 ;
, NUCLEATIOF EATE = 0.100D 07 B
T = 263.90 _ C =_ 0.643L 25 - 0A = 22.945:=-0B =7, N _ o]
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